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Abstract 
 
Short-fiber-reinforced thermoplastics are widely used in industry. They are light-weight, 
have excellent mechanical properties and can be processed via injection moulding. This 
allows the mass production of high-quality components with excellent geometric accuracy. 
Their superior isolation properties make them a good choice for electrical housings in the 
automotive sector. Due to the importance and precise nature of applications, in which such 
products are employed, a deep understanding of their deformation and fractures under 
specific conditions is essential. A typical example of such thermoplastics is polybutylene 
terephthalate (PBT). 
In this thesis, an evaluation of mechanical and morphological properties of short-glass-
fibre-reinforced (SGFR) PBT and SGFR PBT TPEE (thermoplastic polyester elastomer: an 
impact-enhancing additive) is performed, emphasising the effect of TPEE on strain-rate-
dependent behaviour and plastic deformation together with assessment of energy-
dissipation levels. Experimental studies including uniaxial tensile testing performed at 
different strain rates revealed degradation in the overall tensile properties and a reduced 
strain-at-break value as result of TPEE addition to PBT. Furthermore, cyclic tests and 
incremental loading tests showed that the plastic strain at different loading rates increased 
with introduction of TPEE in the composite. Dynamic mechanical analysis of the studied 
materials revealed an increase in viscosity, loss-modulus values and damping capability 
(tan δ) of the TPEE composite over a specified frequency range, while a damage analysis 
on basis of degradation of the Young’s modulus demonstrated increased damage initiation 
and accumulation for this composite. 
A study of fracture-surface morphology of tensile-tested samples uncovered the effect 
of microstructure on variations in mechanical properties, observed in the experimentation 
part of the study. The analysis demonstrated a significant effect of microstructure on 
mechanical performance of the PBT composites. The increased plastic strain was proved 
to be a result of higher plasticity observed in the fractographs. Larger ductile-area fractions 
v 
 
were measured on PBT-GF10 TPEE fracture surfaces at all strain rates, in addition to 
increased void nucleation and relatively insufficient fibre-matrix interfacial adhesion in the 
TPEE composite. This was evident by the stretched gaps around pull-out glass fibres. The 
increased energy dissipation was linked to higher deformation and plasticity of the fracture 
surface. Moreover, an increased viscoplastic material flow was observed in the TPEE 
composite, demonstrated by formation of conic structures around glass fibres, which, in 
turn, enhanced the damping properties of this composite.  
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1. Introduction 
1.1 Research Background 
Polymers are materials with structures consisting of long covalently bonded chains of 
atoms and with high molecular weights known as macromolecules [1]. These materials can 
be found in a natural form (known as biopolymers) such as fibres, amber and latex. Other 
types, synthetic polymers (polymers used in everyday life), are processed through 
industrial polymerization [2]. Because of their unique structure, polymers come in various 
forms: rubbers, adhesives, plastics, foams and resins. Consequently, their mechanical 
characteristics vary significantly from one type of polymer to another. For instance, for a 
liquid-crystal polymer, the Young’s modulus can be as low as 5 MPa, while it can reach as 
high as 350 GPa in different states [2]. 
Thanks to their characteristics, especially their low production costs, high productivity 
and their good mechanical properties with respect to their low specific mass - in addition 
to their greatly important isolation capability - polymers started to replace some 
Chapter 1 Introduction 
2 
 
conventional metals. The use of polymeric materials is undergoing an increasing trend in 
many important applications including, packaging, building, electronics, automotive and 
aerospace. In the early 1980s, the world’s yearly volumetric consumption of polymeric 
materials exceeded that of iron and steel. The production of polymers touched the 300 
million tons level in 2006 [3]. The science of polymers, evolved along this trend and 
delivered insights into the microstructure of these materials and its relation to mechanical 
behaviour and fracture-surface morphology [1]. 
In previous decades, before obtaining enough knowledge regarding their structure, the 
only way of obtaining information regarding polymers’ behaviour was to study their 
response to mechanical loading. It was observed that polymers can sometimes behave as 
elastic solids and sometimes as viscous fluids. However, in both cases, their properties 
revealed time- and temperature-dependency [1], [2], [4]–[7]. So, an accurate knowledge 
of the behaviour of each polymer under different loading conditions remains till now a 
challenging scientific problem. 
Despite the fact that only few types of polymeric products are implemented in 
components of potentially high-risk assemblies, polymers, such as thermoplastics, are 
nowadays widely used in the automotive industry. One of these thermoplastics, as a 
relevant example for this study, is a short-glass-fibre-reinforced (SGFR) semi-crystalline 
polymer with the industrial name PBT-GF10. In addition to this composite, its modified 
version, blended with 10% TPEE, will be the focus of this research. 
The process and principles of reinforcing polymers with glass fibres are well established, 
and accepted as a possible way to enhance stiffness in proportion to the amount of added 
glass-fibres [8]. As mentioned, glass-fibre-reinforced polybutylene terephthalate is widely 
used in the automotive industry, especially in electrical applications, making it one of the 
most frequently employed polymers in production of electrical connectors and their 
interfaces.  
Electrical components are critical ones, and there is a need to guarantee their specific 
required performance. The functioning of active vehicle safety systems, such as anti-lock 
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braking and electronic stability program as well as passive safety systems (airbags, seatbelt 
tensioners etc.), depends on reliable design and materials of electrical connectors. 
Additionally, in service life, these components are subjected to multiaxial forces and 
dynamic loads, which produce dynamic states of stress [9]. Moreover, the growing 
production of hybrid and electrical vehicles and other machines increased the 
requirements of safety and reliability of these electrical connectors. Reinforcing PBT with 
SGFR can enhance the structural stability of moulded parts, but, on the other hand, for 
connectors and components with unstationary parts, such as snap-fits, a high-volume 
fraction of glass fibres in the matrix is undesirable. Due to this reason, the most used glass-
fibre content in PBTs is between 5-15% wt. glass fibres and can rarely reach 50% wt. in 
some cases [8]. 
The application of rubber-modified types of PBT in the industry was mainly caused by 
the increasing fracture of components during transport and assembly. Impact-modified 
systems therefore became preferable. Adding a suitable rubber modifier (elastomer) to a 
thermoplastic matrix can greatly increase its impact resistance [10]–[15]. However, such 
inclusion of a rubbery-phase is likely to have a negative effect on some other properties. 
For instance, several studies [11]–[17] covered the effect of elastomers on SGFR 
thermoplastics and showed that the behaviour of these composites depended significantly 
on several factors including loading conditions, temperature, a type and a fraction of 
reinforcing fibres as well as a class of added elastomer. 
SGFR PBT is manufactured predominantly in small and medium size enterprises for items 
in large quantities, using the injection moulding procedure; a relatively simple and cost-
effective high-mass-processing technology for manufacturing of SGFRPs. Also, the low 
weight of SFR plastics brings substantial advantages when compared to other materials 
such as metals, since in the automobile industry, a minimization of the fuel consumption 
can be achieved by weight reduction of the vehicle.  
To the author’s knowledge, based on the literature survey, there is still significant lack 
of knowledge regarding the mechanical performance and fracture behaviour of modified 
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SGFR PBT blended with TPEE. Mechanical properties and strain-rate-dependent behaviour 
of these materials are unique and a study focused on their properties is essential to specify 
suitable application fields for these composites. 
The change in microstructure due to incorporation of the elastomer TPEE in the PBT 
matrix affects, similar to other SGFR modified composites, its overall mechanical 
behaviour. 
 The present study investigates the effect of TPEE on mechanical properties and 
microstructure of PBT-GF10 under different loading conditions using various experimental 
techniques and microscopically analysing fracture surfaces of these materials. 
1.2 Aim and Objectives 
1.1.1 Aim 
The aim of this research is to elucidate the effect of TPEE on mechanical behaviour and 
microstructure of short-fibre-reinforced polybutylene terephthalate under different 
loading conditions. Various experimental studies were undertaken in addition to 
microscopic analysis and investigations to obtain a better understanding of the effect of 
microstructure on their mechanical parameters.  
1.2.1 Objectives  
In order to achieve the aim of the project, the following objectives were identified: 
1. Experimental analysis of the strain-rate sensitivity of SFR PBT composites with and 
without TPEE using uniaxial tensile loading. 
 
2. Investigation of the materials’ mechanical properties using dynamic mechanical 
analysis and uniaxial tensile testing with equal and progressive loading increments 
at various strain rates, to understand the effect of added TPEE on damage, damping 
behaviour and energy dissipation. 
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3. Analysis of fracture behaviour using SEM analysis of fracture surfaces of tested 
specimens and identification of the main morphological characteristic features, 
such as ductile areas and relation of their sizes to the strain rate. 
4. Investigation of fibre-matrix interfacial bonding and the impact of TPEE inclusion on 
the matrix (porosity) to establish a link between the observed morphology and the 
obtained experimental results of mechanical tests. 
1.3 Thesis Outline  
The thesis is divided into 8 chapters; a brief description of each chapter is given below, 
and the flow chart of the thesis including all covered topics is presented Figure 1-1. 
Chapter 2  
Chapter 2 presents a literature review on SGFR thermoplastic polymers. The effect of 
rubbery material on the mechanical behaviour of polymers and the effect of various 
elastomers, and TPEE in particular, on the properties of PBT and related polymer classes, 
are covered, with a focus on the strain-rate dependency of these composites, including 
their viscoelastic and failure behaviours. 
Chapter 3  
This chapter includes a review of basic morphological features of PBT composites and 
similar polymers, with a main focus on ductile-brittle characterisation, analysis of fibre-
matrix interfacial bonding and voids formation, including the effect of elastomers on 
morphological properties and damage levels. This chapter also presents section covering 
voids detection and quantification methods.  
Chapter 4 
Chapter 4 focuses on tensile properties of PBT-GF10 and PBT-GF10 TPEE obtained from 
uniaxial tensile tests performed under quasi-static conditions at different loading rates. 
Furthermore, high-speed filming of fracture process of both composites was performed to 
compare their behaviour on macroscale. 
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Chapter 5  
This chapter investigates the effect of TPEE on the damage and damping properties of 
the studied materials. Dynamic mechanical analysis (DMA) was used to obtain the values 
of storage and loss moduli in addition to viscosity and the damping coefficient (tan δ) of 
the materials and identify the effect of TPEE on the DMA results. Moreover, specimens 
were subjected to incremental-loading tensile testing to investigate systematically their 
linear and nonlinear behaviours and assess the amount of dissipated energy at different 
stress levels, taking into consideration the damage evolution and the related plastic 
deformation. 
Chapter 6 
Using 2D image analysis of SEM fractographs, major morphological features of fracture 
surfaces of the materials were identified. The ductile and brittle fracture modes were 
analysed and compared. Plastic zones (ductile areas) observed on the fracture surfaces 
were measured and a relation between their area-fraction and the strain rate was 
presented. Furthermore, examination of orientation and distribution of glass fibres was 
undertaken to exclude their effect on the obtained results. 
Chapter 7 
Porosity and the effect of TPEE on formation of voids were investigated, using 2D image 
analysis processing software and 3D X-ray CT scans. Cryogenically fractured specimens 
were studied with SEM to analyse existence of voids for loaded and unloaded specimens 
in order to determine whether voids observed on fracture surfaces were a result of loading 
or they rather were formed during the injection moulding process. The quality of fibre-
matrix bonding and the effect of TPEE on the interfacial bonding were evaluated and their 
impact on mechanical properties was assessed. 
 
Chapter 8 
A summary of the main research outcomes is presented in this chapter along with some 
suggestions for future studies. 
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1.4 Thesis Structure 
A schematic diagram in Figure 1-1 illustrates the flow chart of this thesis.  
Figure 1-1 Flow chart of thesis
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2. PBT and PBT-based Composites- 
Mechanical Characterisation 
2.1 Introduction 
The synthesis of completely new polymeric materials is one way to resolve a long-
standing problem or to satisfy a gap in the market. In reality, this method is a time-
consuming and highly expensive business with no commercial success-guarantee. A second 
way, polymer blending, which is mixing of at least two polymers and tailoring properties of 
commercially accepted polymers, provides a much more reliable route to meet these 
market expectancies. A polymer mixture or blend achieves a balance between costing, 
mechanical properties and manufacturing features of the constituents. Therefore, polymer 
blending became more attractive over the years because it provides a relatively simple and 
cost-effective method to obtain new materials with enhanced properties without losing 
the material’s original advantages [18], [19]. 
 It is essential to have a clear overview of the nature and behaviour of the materials 
studied in this thesis prior to the review and investigation outlined later. In this chapter, a 
brief general summary about polymeric materials and, in particular, the ones studied in 
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this thesis are presented, followed by literature survey covering the mechanical properties 
of SFR polymers. The following chapter covers the microstructural and morphological 
characterization of PBT and related polymer classes. Methodologies, results and 
discussions of relevant studies are addressed to obtain a good understanding of the subject 
and help fulfil the aims of this thesis.     
2.2 Polymer and polymer-based composites 
A polymer is a long molecule containing atoms held together by primary covalent bonds 
[20]. Polymers are produced by polymerisation, where chemical reactions of monomer 
molecules produce linear or branched chains or three-dimensional polymer networks [20], 
[21]. Polymers are classified into three main categories as shown in Figure 2-1 [20]. 
 
Figure 2-1 Classification of polymers [20] 
i. Thermosets are rigid, highly cross-linked polymers with an infinite three-
dimensional network.  
ii. Elastomers are lightly cross-linked polymers with elastomeric properties. 
Elastomers are often described as rubbers. An elastomer is a polymer with very 
weak intermolecular forces, and generally low Young’s modulus and high failure 
strain when compared to other materials [22]. 
iii. Thermoplastics - are branched or linear branched polymers. They mostly consist of 
individual long chain molecules. A thermoplastic, named also thermosoftening 
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plastic, is a plastic polymer that becomes pliable or mouldable at a certain elevated 
temperature and solidifies upon cooling [23].  
Polybutylene terephthalate (PBT) is a synthetic semi-crystalline thermoplastic 
(crystallinity is the degree of structural order in a solid material with atoms or molecules 
arranged in a regular manner) and a part of the polyester group of resins which share 
similar characteristics to other thermoplastic polyesters. It is a high-performance material 
with high molecular weight and is often characterized as being a strong, stiff, and 
engineerable plastic. Its good mechanical strength, excellent processing characteristics and 
outstanding electrical properties, make it applicable for a broad range of products [24]. 
PBT can be easily moulded and thermoformed. The two main classes of thermoplastics, 
depending on the cooling rate and moulding process, are either amorphous or semi-
crystalline whereas, semi-crystalline possesses a structure part amorphous and part 
crystalline [24].  
Thermoplastic polyether-ester elastomer (TPEE), a commercially relevant and 
fundamentally interesting class of polymeric materials, belong to the family of 
thermoplastic elastomers (TPE) [25]. TPEEs are high performance, high 
temperature elastomers that have many features of thermoset rubbers but the processing 
ease of engineering plastics. TPEs has elastomeric behaviour at room temperature and can 
be moulded at high temperatures like common thermoplastics. As mentioned, TPEE is one 
of the TPE family, composed of polybutylene terephthalate (PBT) as the hard segment, and 
amorphous poly(alkylene glycol), typically polytetramethylene glycol (PTMG), as the soft 
segment [26], [27]. Its thermal resistance and outstanding elastomeric properties are 
provided by the hard-crystalline domains whereas, plasticity and low-temperature 
flexibility result from its soft amorphous phases [26], [28]–[30]. 
TPEs are widely used for different products owing to excellent processability and 
elasticity. It is a relatively newly developed elastomer, applied in electronics, automotive, 
and sport equipment fields [31]. This material has been studied extensively during recent 
years, with its mechanical and thermal properties well explored [26]–[28], [30]–[32]. 
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As mentioned in the first chapter, two PBT composites are investigated in this thesis. The 
first is standard polybutylene terephthalate with 10 wt.% short-glass-fibre content. The 
second material is polybutylene terephthalate with 10 wt.% short-glass-fibres and 10 vol.% 
thermoplastic polyester elastomer (TPEE).  
Generally, blends of two or more polymer materials are usually referred to as either 
miscible or immiscible. The level of homogeneity between the polymers’ separate phases 
is the main issue to be considered [33]. If materials are fully or partially miscible then they 
are called compatible. If blends are miscible, they produce a completely homogenous 
mixture (Figure 2-2) [34], [35]. 
 
Figure 2-2 Miscibility vs. compatibility of polymer blends. Figure adapted with permission from the 
original article of Hamad et al. [35] (Copyright 2018 by Elsevier Science Ltd.) 
If the materials are compatible, then the end product is homogenous and could be mixed 
at molecular level for all blending ratios. On the other hand, immiscible blends are 
heterogeneous or incompatible and result in separate phases for any chosen ratio of the 
blended components. Usually the minor blending component is dispersed in the matrix of 
the dominant component [36].  
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The complexity of the terms miscibility and compatibility could be observed in PBT/TPEE 
blends. A study from 2016 [37] showed that, PBT and TPEE are immiscible because PBT is 
thermodynamically immiscible with the continuous soft PTMEG phase of TPEE. However, 
these two polymers are compatible because PBT is miscible with the discrete hard phase 
of TPEE. It was reported that good compatibility between PBT and TPEE would result in 
good interfacial adhesion (within the polymers). This compatibility makes the composite 
PBT/TPEE chemically and physically well-accepted and capable of delivering sufficient 
mechanical properties and reliable performance. Due to the formation of a phase-
separated morphology, thermoplastic elastomers or TPE's can combine their elastic 
properties with those of the blended thermoplastic [38]. In TPEEs which are polyester-
based thermoplastic elastomers, this phase separation happens by the crystallisation of 
the hard-polyester phase in a soft amorphous polyether-rich phase [38]–[40]. 
In order to enhance the low modulus, poor thermal properties and mechanical 
properties of polymers and specifically thermoplastics, fibre reinforcement is applied. It 
should be mentioned, according to Yu et al. [41], that the enhancement of tensile strength 
in fibre-reinforced composites is mainly caused by interfacial forces between matrix and 
fibres, whereas the combined mechanisms of fibre pull-out and fibre strain was responsible 
for improved impact toughness.  
Fibres can be continuous or discontinuous depending on the application. However, 
despite their better effect on stiffness and strength, continuous fibre-reinforcement is 
much more expensive to manufacture and is not suitable for rapid mass-production. 
Discontinuous fibres are categorized under long and short fibres. As long fibres can reach 
lengths of 40 mm, short fibres have length up to 1 mm [42], [43].  
The overall performance and properties of a thermoplastic greatly depends on fibre-
length, orientation and distribution within the polymer matrix [44]. For instance, in a study 
[45], tensile tests performed for specimens with 30% wt. glass fibres showed that the 
Young’s modulus and the ultimate tensile stress (UTS) were twice as high for tensile tests 
carried-out in the direction of mould flow (longitudinal) versus the transverse direction 
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emphasizing the effect of anisotropy of glass-fibres on mechanical performance (Figure 
2-3). 
 
Figure 2-3 Tensile properties of longitudinal- and transverse-tested specimens of PA66/GF30. 
Figure adapted with permission from the original article of Arif et al. [45] (Copyright 2014 by 
Elsevier Science Ltd.) 
On the other hand, the strain to break, which characterizes the material ductile ability, 
of longitudinal specimens was 50% less than that of the transverse specimens. This 
demonstrates how the ductile-brittle behaviour of a material is affected by the orientation 
and performance of glass-fibres. Transverse fibres, perpendicular to mould flow and 
loading direction, are much less effective that those oriented to the direction of loading. 
There are many kinds of fibres that may be added to thermoplastics as reinforcements 
including natural, organic, inorganic fibres and metal fibres. Numerous studies covered 
comparisons between different fibres. For instance, Fu et al. [46] studied the tensile 
properties of short-glass-fibre and short-carbon-fibre polypropylene (PP). They observed 
increased tensile strength and decreased tensile strain for SCFR composites. In another 
study [47], Thomason  observed that the volume-fraction of fibres had a significant effect 
on a composite’s modulus whereas, fibre length and diameter over the range of his study 
did not have any effect on the modulus. 
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In fact, glass-fibres are most common and are employed in nearly 95% of fibre reinforced 
polymers [42]. Short-glass-fibres-reinforced polymers (SGFRP) are low cost, possess high 
strength and thermal resistance and outstanding insulating properties making them 
suitable for various applications. Moreover, by using short-glass-fibres, materials can still 
be injection moulded into engineering products by applying the same injection process as 
for unreinforced thermoplastic materials [48].  
The tensile performance of a composite strongly depends on the type and content of 
the reinforcing fibres [41]. In some fibre reinforced polymers, most of the strength and 
stiffness may result from the high modulus incorporated fibres (the Young's modulus of 
elasticity of unannealed silicate glass fibres ranges from about 52 GPa to 87 GPa). However, 
in thermoplastics, the volume fraction of short glass fibres added is relatively low. This give 
the matrix material more contribution to the overall mechanical performance of the 
material. 
The choice of the studied materials is based on their application in critical components 
and the need for better knowledge concerning their mechanical behaviour. Both studied 
materials had were chosen with a content of 10% wt. glass-fibres to achieve a reliable 
comparison, taking into consideration that this ratio (10% wt.) is a frequently applied one 
in these thermoplastics. 
2.3 Effect of rubbers and TPEE on mechanical properties  
The effect of rubbery materials on the properties of polymers is a widely studied topic. 
In general, tensile properties and mechanical behaviour are considerably affected by the 
incorporation of rubber. On one hand, the blending of two or more polymers such as 
thermoplastics and elastomers provides an easy and cost-effective route to enhance 
polymer materials’ properties [16] such as impact behaviour. However, on the other hand, 
it has disadvantages; especially its effect on tensile properties. The review below covers 
most relative and related studies, showing the effect of rubbers on polymers, including the 
materials TPEE and PBT.  
Chapter 2 PBT and PBT-based Composites - Mechanical Characterisation 
15 
 
The mechanical performance of PBT and acrylonitrile–butylacrylate–styrene (ABAS)-
rubber blends were studied by Tomar and Maiti [10].  
 
Figure 2-4 Plots of tensile properties of PBT/ ABAS blends as function of ABAS volume fraction (Φd): 
(a) Plot of relative tensile modulus; (b) Plot of relative elongation-at-break. Figures adapted with 
permission from the original article of Tomar and Maiti [10] (Copyright 2007 by Wiley Materials)  
They observed an increase in Izod impact strength of PBT and decrease in tensile 
properties such as; Young’s modulus (Figure 2-4; (a; solid line)), tensile strength, and 
elongation at break (Figure 2-4; (b; solid line)) as result of rubber incorporation with PBT. 
(The dashed lines present predictive models with Φd presenting the volume fraction of 
ABAS in the composite). 
It was concluded that the interfacial adhesion between the two blended polymers PBT 
and ABAS and the dispersion of rubber particles had great effect on the microstructure, 
leading to degradation in tensile properties. 
Styrene-ethylene-butylene-styrene (SEBS) is an example of a thermoplastic elastomer 
similar in properties to TPE. Sharma and Maiti [11] studied the effect of SEBS on the impact 
and tensile properties of PBT and found the elongation-at-break (%) of PBT/SEBS blends 
increased with the decreased crystallinity and increase in volume fraction of SEBS, which 
was referred to enhanced ductility of the system due to increase in amorphous content of 
PBT. The enhanced ductility was due to higher flexibility of SEBS. Moreover, the tensile 
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strength decreased and with increasing volume fraction of SEBS. This was explained by the 
decrease in the effective load bearing cross-sectional area of the specimen. As rubber is a 
soft material, its presence in a specific cross-section can weaken the material’s structure 
and response to load. This observation was stated as well by other researchers [12]–[15].  
This indicated a softening of the material in the presence of the rubbery phase. Different 
studies observed similar increases in ductility as a result of incorporation of rubbery 
material in polymers [49], [50]. As a conclusion, the impact strength of PBT increased 
significantly and a reduction in tensile properties was observed. This was linked in all cases 
to decrease in crystallinity and increased flexibility as result of incorporation of the rubbery 
material.  
Deshmukh et al. [51] investigated the effect of functionalized elastomer - ethylene-co- 
glycidyl methacrylate (GMA)-co-n-butyl acrylate (nBA) terpolymer with an epoxy functional 
group - on properties of SGFR PBT. They observed increase of about 23% in tensile strength 
after incorporation of 30% glass fibres in virgin PBT matrix. The incorporation of rubber in 
the SGFR PBT matrix leads to a decrease in tensile strength; however, the tensile strength 
of SGFR rubber modified PBT was still higher than that of neat PBT matrix. Table 2-1 shows 
the variation in tensile strength, elongation at break, impact strength and melt flow index, 
for different material compositions. 
Table 2-1 Mechanical properties of elvaloy-modified PBT/SGF composites. Figure adapted with 
permission from the original article of Deshmukh et al. [51] (Copyright 2011 by John Wiley & Sons, 
Inc.) 
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The authors concluded that in the case of unmodified glass-fibre-reinforced PBT 
(without rubber) the interfacial fibre-matrix adhesion was sufficiently strong. The drop in 
tensile strength in the presence of the rubbery elastomer was explained by stress 
concentration caused by the rubbery phase in the system. While a drop in strength and 
enhancement in impact properties were expected, it was observed that the interfacial 
fibre-matrix bonding was enhanced by this rubbery material. However, instead of an 
expected increase in the composite’s strength due to efficient fibre-matrix bonding, 
decrease in percent-crystallinity was the main reason for degradation of tensile properties.  
The effect of TPEE on mechanical properties of PBT showed similar results to the ones 
addressed on the effect of rubbers on PBT and similar polymers. In general, an 
enhancement in impact properties and a decrease in tensile properties were observed. For 
instance, Verma et al. [16] studied the effect of TPE on the mechanical properties of PBT. 
They observed a significant improvement in the impact toughness of PBT/TPE blends 
where the maximum impact strength was observed for blends with 30% TPE. However, the 
increase in impact properties was accompanied by a decrease in tensile strength and 
Young’s modulus, with increasing TPE content. Theoretical analysis of tensile strength 
showed that the viscosity of PBT plays a major role in increasing the adhesion forces that 
leads to better stress transfer between elastomer and thermoplastic phases which leads 
to efficient dissipation of impact energy.  
Similar results were observed by Hussain et al. [52] pointing to correlation between TPE 
content and mechanical performance. The results showed that the tensile strength and the 
tensile modulus of the blends decreased steadily as the weight percentage of TPE 
increased. The researchers found out that the increasing percentage content of TPE in PBT-
TPE blends increased the shear thinning behaviour and eased processability. 
Tensile tests on PBT/TPE blends were performed by Barkoula et al. [17]. They recorded 
a slight decrease in tensile strength for TPE blended specimens tensile tested at cross speed 
of 250 mm.min-1. The rate of decreasing tensile strength increased with increasing TPE 
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content (up to 20% TPE). Moreover, there was an increase in elongation at yield value. 
(Figure 2-5). 
They concluded that the incorporation of TPE acts like a plasticizer preventing the matrix 
from behaving in a brittle manner. In another study, Huang et al. [37] studied the 
mechanical properties of TPEE blended with PBT. TPEE/PBT blends showed far higher 
Young’s modulus and tensile and yield strength when compared to neat TPEE. Cyclic tensile 
tests showed enhancement in system rigidity and decrease in plasticity. Numerous studies 
[16], [17], [37], [41], [53]–[56] observed similar results for PBT composites blended with 
Figure 2-5 Mechanical property change of the compressive-moulded blend samples as a 
function of polymer composition. Figure adapted with permission from the original article of 
Barkoula et al. [17] (Copyright 2008 by John Wiley & Sons, Inc.) 
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TPEE. Different types of TPEE with and without fibre reinforcement demonstrated similar 
outcomes. 
As a conclusion, it could be noticed, that the incorporation of rubbery materials to 
polymers in general, and PBT in particular, enhances impact properties and can affect the 
strength and stiffness negatively. The rubbery content can affect the interfacial adhesion 
and the ductile-brittle behaviour of the composite depending on content and kind of the 
added elastomer. Compatibility of the blends, in addition to the presence of glass-fibres 
can significantly affect the mechanical response of a material. Ductility and elongation at 
break can be greatly affected by the incorporation of elastomers. Dynamic behaviour, 
including strain-rate dependency, damage and energy dissipation analysis can give a better 
insight into the interaction between elastomers, thermoplastics and glass-fibres. 
2.4 Effect of strain-rate on behaviour of SFRC 
2.4.1 Mechanical properties of polymers 
In any composite system similar to the one studied in this thesis, consisting of matrix 
material and glass-fibres, it is important to understand the behaviour of three fundamental 
constituents: the matrix, the reinforcement (in this case glass-fibres) and most important, 
the boundary between both of them known as the interface, where a gradient of 
properties exists and directly and indirectly affects the mechanical and fracture behaviour 
of the composite.  
Materials’ mechanical properties could be defined as brittle solid or glassy for hard 
materials, or elastic rubber and viscous liquid for soft and liquid materials. Due to the fact 
that polymers’ mechanical properties demonstrate time-dependent behaviour, it is 
difficult to categorize them under the above-mentioned material descriptions. Depending 
on the loading rate, temperature and volume strain, polymers can show behaviours related 
and similar to all listed categories: from glassy to viscous liquid. Therefore, to avoid 
confusion with other materials’, polymers are described as viscoelastic.  
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At low temperatures or high loading rates, polymer behave like glass, having brittle 
characteristics. However, this behaviour can change to rubbery at higher temperatures and 
low strain rates where, due to their viscoelastic properties, they may flow. Under such 
circumstances a polymer may withstand large strains without undergoing permanent 
plastic deformation.  
The study of strain-rate dependency of materials was introduced partly to understand 
the material response under extreme loading conditions such as impulse and impact loads. 
Over the last four decades, the effect of strain-rate was studied by several researchers. For 
instance, increase in tensile strength for neat polymers [20],  decrease in fracture 
toughness for fibre-reinforced polymers [57] and increase in specific essential work of 
fracture (EWF) for PBT [58] with increasing strain rate was documented.  
Several research groups investigated tension of SGFR thermoplastics under dynamic 
conditions. Fitoussi et al. [59] investigated the origin of the strain rate effect on the 
mechanical behaviour of a discontinuous glass-fibre-reinforced ethylene propylene 
copolymer (EPC).  
For the overall behaviour, it has been demonstrated that the tensile behaviour of the 
SFR EPC matrix composite is strain rate dependent. Mechanical characteristics, in terms of 
damage threshold and ultimate properties were found to be highly sensitive to strain rate 
(Figure 2-6). As the strain rate increases, noticeable effects such as increase in 50% of the 
Young’s modulus and delayed damage onset were observed. The researches noticed that 
these were followed by a slightly reduced damage accumulation with increasing strain rate. 
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Figure 2-6 Strain-rate effect on the EPC matrix composite macroscopic mechanical characteristics 
(Ԑthreshold: damage threshold strain, σthreshold: damage threshold stress, Ԑultimate: ultimate strain, 
σultimate: ultimate stress). Figure adapted with permission from the original article of Fitoussi et al. 
[59] (Copyright 2013 by Elsevier Science Ltd.) 
However, and on the contrary to many studies of stain-rate dependency of polymers, a 
study by Mahato et al. [60] showed that the effect of strain rate on glass-fibre-reinforced 
epoxy had no effect on the Young’s modulus’s value as can be noticed in Figure 2-7. 
Still, a slight increase in tensile strength (Figure 2-8; (a)) was observed at higher strain 
rates. Tensile tests were performed at 1, 10, 100, 500 and 1000 mm.min-1 at 30°C. Most 
interestingly, there was increase in strain at break (Figure 2-8; (b)) and enhanced load 
carrying capacity of the composite system with increasing loading rate.  
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SEM analysis of fracture surfaces showed that the dominating failure mode were matrix 
fracture and fibre fracture described as delamination of fibres and matrix. The failure 
observed in the matrix and the fibre breakage analysis are illustrated in Figure 2-9. 
Figure 2-8 a) UTS; b) strain at break: vs Loading rate curve with 1, 10, 100, 500 and 1000 mm/min 
loading rates tested at room temperature (30°C). Figure adapted under the Creative Commons CC-
BY licence from the original article of Mahato et al. [60] 
Figure 2-7 Tensile stress vs. tensile strain curve with 1, 10, 100, 500 and 1000 mm/min loading 
rates, tested at room temperature (30°C) of glass fibre/epoxy composite. Figure adapted under 
the Creative Commons CC-BY licence from the original article of Mahato et al. [60] 
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Analysis of hackles and mirror structures clearly helped in understanding the failure 
mode of the fibres as seen in Figure 2-9. Such structures point clearly to fibre fracture 
during loading. Similar results were obtained in a paper investigating the effect of loading 
rate on glass-fibre reinforced epoxy showing that the mechanical behaviour of the 
composite is strain-rate sensitive [9]. 
 
Figure 2-9 Scanning electron micrographs of glass/epoxy composite tested at: (a) 1mm/min; (b) 
1mm/min ;(c) 1000 mm/min ;(d) 1000 mm/min loading rates respectively. Figure adapted under 
the Creative Commons CC-BY licence from the original article of Mahato et al. [60] 
The rate-dependent-behaviour of short-fibre-reinforced PEEK was studied by Chen et al. 
[61]. They noticed an increase in tensile strength due to incorporation of glass-fibres but 
no enhancement in tensile strength as result of increasing strain rate. Similar to other 
polymers, there was a decrease in failure strain with increasing rate for neat PEEK matrix; 
an indication of increasing brittle behaviour at higher rates. However, this behaviour was 
different for fibre reinforced specimens, where failure strain increased under dynamic 
loading conditions (high loading rates). 
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Figure 2-10 The relationship of: (a) tensile strength; (b) fracture strain; (c) energy absorptivity of 
short fibre reinforced composites with strain rates [61]. Figure adapted with permission from the 
original article Chen et al. [61] (Copyright 2018 by Elsevier Science Ltd.) 
While comparing the strain-rate-sensitivity between glass-fibre- and carbon-fibre-
reinforced specimens, it was observed that there was variation in the behaviour due to 
differences in interfacial behaviour (Figure 2-10), where more debonding and fibre 
breakage were observed in the glass-fibre-reinforced composite. Moreover, it was 
observed that the interfacial-strength (matrix-fibre) itself was rate-dependent which, in 
turn, played an essential role in the failure mechanism and the rate dependent behaviour. 
Schoßig et al. [62] observed an increase in strength and stiffness with increasing strain rate 
for glass-fibre reinforced polypropylene (PP) and polybutene-1 (PB-1). They observed that 
for both materials exhibited positive strain rate dependency. From the slope of the stress 
strain curves, it was concluded that the strain-rate-dependency of Young’s modulus was 
different between the two materials. In addition, the researchers investigated the effect of 
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fibre orientation caused by mould flow on the tensile properties and stated that, when 
strain rate increased, deformation zones around glass fibres acted as a dissipation area, 
leading to delay in damage initiation. Moreover, the addition of glass fibres led to increase 
in strength level and decrease in the tensile strain-at-break value, making the material 
more brittle. Such observation was explained by reduction in ductility of the material due 
to addition of the glass fibres. They concluded that an increase of strength can be achieved 
by growing glass fibre content or by increasing the strain rate. 
The study of fracture behaviour of the materials was significant and showed that the 
fracture appearance changed for specimens with different glass-fibre content (Figure 
2-11). 
 
Figure 2-11 Stress-strain diagrams and schematic illustration of the fracture appearance for 
different glass-fibre reinforced PP materials at a strain rate of 87 s-1 [56]. Figure adapted with 
permission from the original article Schoßig et al. [62] (Copyright 2008 by Elsevier Science 
Ltd.) 
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 At higher glass-fibre content, for the PB-1 material, the fracture appearance changed 
from single break to multiple splinter breaks. However, for PP material, less or no splinter 
breaks were observed. SEM micrographs showed that good bonding between matrix 
material and the fibres may lead to load transmission between matrix and fibre causing 
splinter breakage. On the other hand, weak fibre-matrix bonding, led to formation of 
multiple breaks due to cavities initiation in the fibre-matrix interface and the formation of 
new cavities during deformation process. 
Lhymn et. al. studied the strain-rate effect on SGFR PBT (15% wt. glass fibres) and 
compared the outcoming results to cementitious materials [63]. The loading rates (0.02 
inch.min-1 and 20 inch.min-1) were controlled by varying the crosshead velocity of an 
Instron tensile testing machine. PBT demonstrated strain-rate-dependent behaviour 
showing an increase in tensile and fracture strength with increasing strain rate. For 
cement-fibre composite, however, decrease in tensile strength was observed and an 
increase in failure strain with increasing strain-rate was observed. At higher strain rates, 
voids were observed on SEM micrographs of PBT-GF15. The researchers demonstrated that 
the presence of these voids as stress concentration centre can reduce the load level (tensile 
strength) because cracks can much easily propagate form already initiated voids. 
Difference fracture-surface-roughness was observed between those obtained at low and 
high strain rates, exposing planar and rugged surfaces, respectively. A post-failure 
deformation (strain softening) was observed for tests carried-out at low strain rates 
whereas, at high strain rates a clear brittle failure mode was observed without any post-
deformation behaviour (Figure 2-12). This was explained by a reduction in the material’s 
response time to external stress and in turn the loss of the effect of matrix plasticity on the 
failure process. The researchers stated that when the duration of a tensile test is less than 
the time needed for a single crack to initiate or grow, a larger number of microcracks can 
develop to form a failure surface within the time of the experiment. The increase in failure 
strain at low strain rates was referred to formation of this extensive microcracking. 
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Figure 2-12 Typical load-displacement curve for PBT/glass composite at: (a) 0.02 inch.min-1 cross-
head speed; (b) 20 inch.min-1 cross-head speed. Figure adapted with permission from the original 
article Lhymn et. al. [63] (Copyright 1988 by Elsevier Science Ltd.) 
Karger-Kocsis and Friedrich studied the strain-rate effect on fracture toughness and 
observed a decrease in fracture toughness with increasing strain rate. This was explained 
by reduction in molecular mobility and decrease in ductility for fibre-reinforced polymer 
materials [57].  
To conclude, SGFR polymers are generally strain-rate sensitive. Variation in Young’s 
modulus, tensile strength, elongation at break and fracture toughness are observed with 
increasing strain rates. However, as observed, this variation and its mechanism is 
significantly affected by the constituents of the studied material. 
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2.4.2 Viscoelastic and dynamic behaviour  
Dynamic tests, where stress or strain is measured from a sinusoidal strain or stress, are 
a well-suited way to study the ‘short-time’ material response of viscoelastic polymers. 
Creep and relaxation tests are less accurate for material understanding at shorter times, 
but more convenient for studying responses at longer range of times. By definition, ‘’when 
a viscoelastic material is subjected to a sinusoidally varying stress, a steady state will 
eventually be reached in which the resulting strain is also sinusoidal, having the same 
angular frequency but retarded in phase by an angle δ; this is analogous to the delayed 
strain observed in creep experiments. The strain lags the stress by the phase angle δ, and 
this is true even if the strain rather than the stress is the controlled variable’’ [64]. The 
dynamic behaviour of any material depends on the mobility of polymer chains and their 
response to frequency or temperature during mechanical loading. For instance, in rubbers, 
shear thinning occurs and viscosity decreases with increasing frequency during a DMA 
experiment [65].  
Dynamic mechanical analysis on different types of TPEE was performed by Lee et al. [27]. 
Frequency sweeps performed within the range of 0.1-100 rad/s, showed that the storage 
and loss moduli of all TPEE variants increased with increasing frequency. This behaviour of 
storage modulus was related to chain extension and branching while the increase in loss 
modulus was linked to melt elasticity of the material.  
The response of storage and loss moduli to frequency can differ from one composite 
material to another depending on the blending fractions and material composition where 
interactions between constituents can trigger different behaviours. Several materials 
including PBT showed increase in both storage and loss moduli with increasing frequency. 
For instance, Woo Ko et al. [66] showed the effect of shear thinning behaviour of polymer 
blends on the dynamic behaviour where values of storage and loss moduli increased with 
increasing frequency measured within the range of 0.1-100 rad/s. The complex viscosity 
decreased over the studied frequency range similar to results observed in other studies, 
Chapter 2 PBT and PBT-based Composites - Mechanical Characterisation 
29 
 
where increase in both storage and loss moduli and decrease in complex viscosity over 
specific frequency ranges were observed [67]–[70]. The researchers stated that the 
interaction between the composites’ components, including interfacial tension have strong 
correlation to the composite’s physical properties. Similar results and dynamic responses 
were observed by Wu et al. studying the rheological behaviour of poly(butylene 
terephthalate)/montmorillonite nanocomposites [71]. 
Another example, is a dynamic mechanical analysis (DMA) carried out at 20°C for 
materials polycaprolactone (PCL), poly(1-butene) (PB) and polyamide 6 (PA6) [72]. The 
results demonstrated increase in storage and loss moduli (for increasing frequency) 
followed by a decrease in the value of the latter at frequencies above 1000 Hz for all three 
materials. The results were linked to damage happening in the material. The researchers 
concluded that significant damage in semi-crystalline polymers can occur prior to yielding 
without measurable cavitation which in turn can affect the mechanical behaviour of the 
composite.  
 
Figure 2-13 Moduli variation with frequency in DMA test. Figure adapted with permission from the 
original article Serban et al. [73] (Copyright 2012 by Trans Tech Publications, Ltd) 
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However, in different cases for semi-crystalline thermoplastic polymers, an increase in 
storage modulus and decrease in loss modulus were observed with increasing frequency. 
Serban et al. [73] studied the viscoelastic properties of semi-crystalline thermoplastic 
polymers and observed increase in storage modulus and decrease in loss modulus and 
damping coefficient tan δ for increasing frequency between 0-100 Hz (Figure 2-13). 
The variation in storage modulus of different PC/PBT blends was analysed by DePolo and 
Baird [74]. In their study they linked the different trends of storage modulus of the blends 
to enhanced compatibility between the materials’ constituents. They reported that better 
adhesion or decrease in interfacial tension between phases can affect values of storage 
modulus at high frequencies and these interfacial forces can change the rheological 
signature of the blend significantly [36]. 
It was noticed that, the fibre-matrix interfacial adhesion is a significant factor in 
characterizing the rheological behaviour of SFR thermoplastics. It should be noted here 
that different kinds of rubbers added to the PBT matrix could affect the interfacial adhesion 
differently, which in turn, may affect the DMA results. For instance, a study done by Wang 
et al. [75] on microstructure and fracture behaviour of GFR PBT blended with elastomers 
showed that glass-fibres in the composite were surrounded by a thin layer of pure PBT-rich 
resin. Similar to PBT and TPEE, PBT and PC are incompatible but fairly miscible, the 
interfacial fibre-matrix adhesion was not negatively affected by this type of elastomer. 
The interfacial fibre-matrix bonding and resultant forces during loading characterized by 
the quality of dispersion of glass-fibres in a matrix, is significantly affected by type and 
length of the fibres. The effect of fibre length and distribution on dynamic behaviour of SFR 
polybutylene terephthalate (PBT) was studied by Zhang et al. [76]. Frequency sweeps 
performed using DMA showed that the complex viscosity was significantly affected by the 
length of glass-fibres. With increasing glass-fibre length for materials with same glass-fibres 
content, the complex viscosity was lowest for a pristine matrix (without fibres) and highest 
for the material with longest fibres. Long-glass-fibres can hinder the matrix skeleton and 
chain segment movement. The longer the fibres the more this effect can occur, causing the 
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material to be less viscous.  
Moreover, it was observed that change in viscosity can have direct results on the storage 
and loss modulus values. Two major findings were inferred from the performed frequency 
sweeps. (Figure 2-14) 
 
Figure 2-14 (a) Storage; and (b) loss modulus: versus frequency for the pristine matrix and LGF 
(40%)/PBT composites with different original glass fibre length (4, 8, 12, 16, and 20 mm) at 240 °C. 
Figure adapted under the Creative Commons CC-BY licence from the original article of Zhang et al. 
[76]  
The storage modulus value increased in presence of fibres in the matrix, which is 
expectable because glass fibres are added for the sake of increasing stiffness. On the other 
hand, the loss modulus demonstrated similar trends to that of storage modulus, and its 
value increased with increasing fibre length. An increase in loss modulus as a result of fibre 
incorporation, increasing frequency and fibre length, was observed. Based on these results, 
the damping coefficient tan δ was generally greater for PBT with glass fibres at very low 
frequencies below 1 Hz and above 25 Hz, and significantly, the highest tan δ value over the 
whole range of applied frequency was observed for the shortest glass-fibre-reinforced PBT 
composite. Longer fibres can hinder the movement in matrix skeleton and can cause an 
increase in terminal relaxation time [76]. However, it should be noted that all these 
experiments were performed at 240°C, a temperature with great effect on the viscoelastic 
behaviour of thermoplastics.  
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Another example showing the effect of fibre bonding and interfacial adhesion on the 
dynamic properties of SFR thermoplastics could be inferred from a study done by Ma et al. 
[77]. They studied the effect of molecular weight on the dynamic mechanical properties of 
SFR thermoplastic composites blended with rubbers. They observed, using SEM, a 
sufficient interfacial fibre-matrix adhesion (carbon fibres). They concluded, from DMA 
results, that lower tan δ peaks were measured due to lower mobility of the polymer chains 
caused by good interfacial adhesion. 
Dynamic properties of long glass fibre (LGF) reinforced PBT blended with thermoplastic 
polyurethane (TPU) and poly(ethylene–butylacrylate–glycidyl methacrylate) (PTW) as 
compatibilizer studied by Zhang et al. [78], showed the effect of glass-fibres on the dynamic 
characterizations of PBT. TPU is used, similar to TPEE, to enhance impact properties of 
thermoplastics. Frequency sweeps performed on specimens with different TPU content 
showed that the complex viscosity increased with increasing TPU and glass-fibre-content 
and decreased with increasing frequency for compared specimens with similar TPU and 
glass fibre content.  
 
Figure 2-15 (a) Storage modulus vs. frequency for the LGF/TPU/PBT/PTW composites; (b) Loss 
modulus vs. frequency for the LGF/TPU/PBT/PTW composites. Figures adapted with permission 
from the original article Lhymn Zhang et al. [78] (Copyright 2016 by John Wiley & Sons, Inc.) 
Furthermore, as shown in Figure 2-15, increase in loss and storage moduli was observed 
with increasing frequency for DMA tests performed at 235°C. Such results were expected 
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for fibre reinforced thermoplastics tested at high temperatures; whereas results should 
differ for experiments done at room temperature due to the great effect of temperature 
on the viscous behaviour of polymers, which can affect the trends of loss modulus and tan 
δ significantly. The variation of loss and storage modulus values were explained, similar to 
other studies, by the restriction of molecular chains due to the presence of fibres or by the 
material viscous behaviour due to TPU content and temperature level.  
Mortazavian and Fatemi [79] studied the effect of fibre orientation on the dynamic 
behaviour of PBT. DMA analysis showed that the storage modulus and tan δ were 
significantly affected by fibre orientation. A higher storage modulus was observed for 
specimens tested along fibre main orientation. However, when tested in the longitudinal 
direction an increase in loss tangent tan δ was observed due to lower effectivity of the 
fibres holding the matrix and prohibiting its movement in this direction. The lower 
performance of glass fibres affected the ductile behaviour of the material causing an 
increase in its damping capability. 
As noticed in this section, the dynamic and viscoelastic behaviour of SGFR composites 
depends on different factors such as: testing temperature, content, length and orientation 
of glass-fibres and quality of interfacial fibre-matrix bonding. Freedom of polymer chain 
movement can have a significant effect of the dynamic and damping behaviour of GFR 
polymers. A rubbery material added to a thermoplastic can affect the dynamic behaviour 
by variation in viscosity or by affecting the interfacial adhesion. 
2.5 Hysteresis – energy dissipation 
In addition to the loss modulus value for evaluation of dissipated energy into heat, the 
area under the stress strain curve of a material, roughly equivalent to the material 
toughness, could be described as the energy absorbed by the material or the dissipated 
heat generated due to exterior load [80]. During loading, the area under the stress-strain 
curve is equivalent to strain energy per unit volume absorbed by the material. On the other 
hand, the energy released by the material can be calculated from the area under the 
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unloading curve. In the elastic region, where no plastic strain or yielding occurs, these areas 
are equal, and theoretically, no energy is dissipated as heat. When loaded in the plastic 
region, the energy absorbed would be greater that the energy released and the difference 
of these two is the energy dissipated (Figure 2-16). 
 
Figure 2-16 Energy loss = area under stress-strain loop. Figure adapted under the Creative Commons 
CC-BY licence from the original publication of D. Roylance [80] 
To evaluate damage accumulation and energy dissipation of a specific material, various 
mechanical parameters based on dissipative response of SFRPs could be considered. For 
instance, progressions of hysteresis loops, strain energy and hysteretic energy dissipation 
could be used to evaluate the properties of a material [63], [81].  
Khimi and Pickering [82] studied and compared the dynamic properties of 
magnetorheological elastomers containing rubbers using mainly two techniques: DMA and 
hysteresis. They evaluated tan δ and compared the amount of energy dissipated during 
hysteresis for their studied materials by calculating the area between loading and 
unloading curves of the stress-strain curves measured at 500 mm.min-1. They observed that 
increase in tan δ was related to increasing energy absorbed due to viscous flow of the 
matrix and the rubbery material and due to interfacial damping between particles of the 
added material and the rubbery matrix. It was concluded that higher viscous behaviour can 
lead to higher energy dissipation values and that particular damping between contents in 
a composite can enhance the tan δ value. Moreover, increase in storage modulus was 
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linked to constrained rubber regions, which in turn, helped improve the ability of the 
material to store energy. While on the other hand, the increase in loss modulus was related 
to increase in lost energy due to breakdown and repositioning of materials network 
(particles). 
Li et al. [83] studied the effect of graphene and carbon nanotubes on rubbers. In their 
study, they analysed the energy dissipated during uniaxial tension with different stress 
increments. They stated that evident hysteresis could be observed due to the increase in 
viscoelastic characterization of the material. The hysteresis observed for this material was 
explained as viscoelastic energy dissipation. The authors noticed a decrease in hysteresis 
with each consequent tensile cycle under strain control and showed that less stress was 
required to reach the proposed strain value after each loop. Figure 2-17 and Figure 2-18 
shows the difference in the stress strain curves obtained during the first and the second 
cycle, respectively, demonstrating clear differences in size of the area under the loading-
unloading curves for these cycles. 
 
Figure 2-17 Energy dissipation during the first tensile cycle: (a) Cyclic stress–strain curves; (b) 
hysteresis loss of the first tensile cycle. Figure adapted with permission from the original article Li 
et al. [83] (Copyright 2013 by Royal Society of Chemistry) 
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Figure 2-18 Energy dissipation during the second tensile cycle: (a) Cyclic stress–strain curves; (b) 
hysteresis loss of the second tensile cycle. Figure adapted with permission from the original article 
Li et al. [83] (Copyright 2013 by Royal Society of Chemistry)  
The plotted hysteresis loss to strain shows that the first cycle had much higher 
viscoelastic energy dissipation than the second cycle. This strain-induced-process is the 
well-known Mullins effect. It was generally concluded that lower interfacial bonding (in this 
case without glass-fibres) can lead to more effective energy dissipation before failure.  
2.6 Failure and damage of SFR polymer composites 
The complexity of failure behaviour of SGFR composites is related to its constituents, 
matrix and reinforcement. The matrix properties and heterogeneity caused by the 
distribution of glass fibres are major features of investigation of failure and damage 
mechanism of these composites. SFR composites are, due to the orientation of fibres 
mainly in the direction of the material flow during the injection process, anisotropic 
materials. Damage happening in these materials is a complex process involving various 
interactive failure mechanism [60]. 
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Various techniques could be applied to evaluate damage in thermoplastic composites 
reinforced with short-glass-fibres. Scanning electron microscopy (SEM) was used for 
instance, by Horst and Spoormaker [84] to analyse the fracture surfaces of SFR materials 
and observe damage accumulation. Another way to evaluate damage is by studying the 
evolution of the dynamic modulus and quantify the degradation in slope of stress-strain 
curves using hysteresis. This method was applied by many researchers in cyclic or fatigue 
loading [85]–[88], and delivered reliable results. 
One cause of damage in semi-crystalline polymers is the formation of voids, which can 
accumulate and lead to total rupture of the material. Such phenomenon was observed in 
several studies. At low strains, crazes may form due to growing of microfibrils and unfolding 
of polymer chains. Such crazes can turn into cracks which can accumulate and grow when 
these microfibrils break [72]. 
Belmonte et al. [89] studied the damage behaviour of short-fibre-reinforced 
thermoplastics during tensile testing and stated that damage is strongly dependent on the 
following:  
Damage at fibre-ends can happen due to poor fibre-matrix adhesion and due to a fibres’ 
geometry; fibre-ends act as stress concentrators which turn, with increasing stress, lead to 
a  damage initiation area (Figure 2-19; (c, d)); damage happening can be observed as 
debonding between the fibre and the matrix or deformation of the matrix in the pull-out 
area (Figure 2-19; (e, f)). 
In addition to this, fibre fracture can enhance damage growth in the composite’s matrix. 
A fibre can break in a longitudinal direction; which is, as mentioned before, a rare 
phenomenon due to its high tensile strength; or in the transverse direction. If the same 
fibre breaks at different locations, more fibre-ends will form, enhancing damage initiation 
as stated above. Moreover, they stated that fibre-matrix debonding is not directly caused 
by debonding at fibre ends. Debonding may occur when a fibre is transversely oriented to 
stress direction or when a fibre is surrounded by fibres with diverse orientations. In this 
case, stress concentration can cause fibre-matrix debonding. Based on the causes of 
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damage initiation addressed above, damage can grow and propagate in the matrix leading 
to final fracture. 
 
Figure 2-19 Damage investigation on the side surface of a plain specimen, interrupted fatigue test; 
(a) damage zone observed through optical microscopy; (b) fibre failure; (c) crack at fibre fragment; 
(d) crack at the fibre end; (e and f) voids in the matrix. Figure adapted with permission from the 
original article Belmonte et al. [89] (Copyright 2017 by Elsevier Science Ltd.) 
Other studies have shown that the main cause of damage in SFR polymers, is the fibre–
matrix interface debonding, which can appear at 20% of the failure stress, while the second 
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main cause of damage is matrix microcracking [90], [91]. These phenomena were observed 
for thermoplastic fibre-reinforced composites during both quasi-static and dynamic 
loading, confirming the fact that damage growth in thermoplastics is mainly affected by 
failure in the fibre-matrix interface. 
 
Figure 2-20 True stress versus true strain curves for cyclic tensile loading: (a) PA6; (b) PB; (c) PCL at 
20 °C and initial strain rate 5*10-4 s-1. Figure adapted with permission from the original article 
Detrez et al. [72] (Copyright 2011 by Elsevier Science Ltd.) 
    A study undertaken by Detrez et al. [72] investigated plasticity and damage in semi-
crystalline polymers. They found that tensile strength increased with increasing strain rate, 
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confirming results from other studies. Using cyclic loading with different loading 
increments, the researchers were able to quantify the induced strain per loading-unloading 
cycle, as shown in Figure 2-20. The mechanical damage was calculated using the equation: 
D = 1 - 
ED
E0
,  (2.1) 
which expresses the relative loss in stiffness, where E0 is the undamaged modulus of the 
material and ED is the damaged one calculated after cyclic loading. Using the data 
calculated from the mechanical damage and measured strain after each cycle, the damage 
evolution could be plotted and evaluated as function of plastic strain.  
   
Figure 2-21 Macroscopic damage parameter evolution for both quasi-static and dynamic cases. 
Figure adapted with permission from the original article Fitoussi et al. [59] (Copyright 2013 by 
Elsevier Science Ltd.) 
Applying continuum damage mechanics, the effect of strain rate on damage was studied 
for fibre-reinforced composites by Fitoussi et al. [59]. To achieve this, they used an 
incremental or interrupted tensile test method to evaluate the evolution of stiffness 
reduction during quasi-static and dynamic loading. They found that there was a delay in 
damage initiation at higher strain rates. Despite the conclusion that the stiffness reduction 
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is rate sensitive, the parallel slopes of the plotted curves of micro-damage as function of 
strain, showed that the damage kinetic is rate insensitive (Figure 2-21). This observation 
was related to fibre-matrix interfacial failure, in addition to interfacial damage happening 
as result of fibre orientation in the matrix.  
In thermoplastics, as mentioned before, tensile strength increases with increasing strain 
rate. Fitoussi et al. [59] stated that this is mainly due to a shift of the first non-linearity 
corresponding to a non-elastic physical phenomenon happening at the microscopic scale. 
For thermosets reinforced composites, fibre-matrix interface debonding was the leading 
mechanism responsible for this nonlinear shift [59], [90], [91]. However, in thermoplastic 
reinforced composites, they observed that the rheology of the matrix characterized by its 
viscoelastic and viscoplastic behaviour rules the non-linear behaviour of these composites. 
To evaluate the influence of damage and the rheological behaviour of the matrix, tensile 
tests with progressively-increasing loading increments were performed. This experiment 
helped to study and evaluate the reduction in stiffness during dynamic loading, investigate 
the evolution of micro-mechanism and quantify the influence of this mechanism on the 
overall properties of the composites.  
To evaluate the damage evolution during fatigue loading for SFR polyamide 66 (PA66), 
Arif et al. [45] investigated the evolution of dynamic modulus, strain and energy 
dissipation. They stated that the induced damage observed within each cycle could be 
result of a combination of creep and cyclic loading. However, they noticed that the 
degradation in dynamic modulus was not affected by the mean strain evolution, which 
implies that most of the damage was due to cyclic loading. Using micro-CT, they were able 
to conclude that the damage level is not uniform in the entire specimen and differs from 
one location to another. This is related to the distribution of the fibres in the matrix, as 
damage is happening in the interface between fibres and matrix. 
Thomson [47] showed that performance of SGFR plastics depended on stress-transfer 
capability of fibre-matrix interfaces and that the length and diameter of fibres did not 
significantly affect the composite’s complex modulus. Stress-concentration-induced 
Chapter 2 PBT and PBT-based Composites - Mechanical Characterisation 
42 
 
damage mechanisms were studied by Horst and Spoormaker [84] and Sato et al. [16, 17] 
who found that performance of a composite depended on the properties of fibre-matrix 
interface and a character of load transmission between these two components. 
Furthermore, it was concluded that the load-transmission capacity depended on adhesion 
between glass fibres and a matrix.  
Furthermore, continuum damage mechanics is applied for nonpolymeric materials as 
well. Damage evolution during incremental cyclic loading was studied for granite by Wang 
et al. [94] and showed reliable results. 
From this section, it can be observed that damage in SGFR polymers is greatly affected 
by the fibre-matrix interfacial properties and mechanism of damage and failure may vary 
depending on different parameters. Cyclic loading and incremental loading tests with 
progressive loading increments are useful techniques applied for evaluation of damage at 
different stress levels. Moreover, damage in these materials can possess strain-rate-
dependent behaviour due to the viscoelastic nature of the materials.    
2.7 Conclusion 
As noticed from the review, the incorporation of rubbery material to thermoplastics 
enhances impact properties and may affect tensile properties negatively. However, the 
behaviour of each polymer could be, as noticed, very individual. Moreover, strain-rate-
dependent behaviour in addition to damage in these composites depends on the nature of 
the blends and the bonding forces between the fibres and the matrix. Furthermore, fibre 
fracture and fibre pull-out can affect the mechanical response significantly. The dynamic 
mechanical analysis is dependent on the viscosity of the material which, in turn, is greatly 
affected by the fibre-matrix interfacial adhesion.  
Hence, it is important to study the composite PBT and TPEE reinforced with glass-fibres, 
because the studied materials are rarely applied in manufacturing without reinforcement. 
Moreover, the performance of a composite material can depend on many other 
parameters. For instance, the type and dimensions, in addition to weight fraction, of glass-
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fibres in composites can have significant effect on a its behaviour. In addition, their 
distribution and orientation caused during injection moulding process should be taken into 
consideration, along with the viscosity and melt flow behaviour of the material itself, and 
the geometry of the injection-moulded product.  
Therefore, as mentioned before, to obtain a reliable comparison in this thesis, PBT-GF10 
TPEE and PBT-GF10 are chosen with the same glass fibre content and similar moulding 
conditions to avoid them impacting the results.  
While the impact properties of these materials are well studied, the thesis is designed 
to study the effect of TPEE on SGFR PBT while emphasizing the strain-rate-sensitivity which 
is, to date, poorly covered by other researchers for these materials.  
Moreover, the review considered studies of polymers tested under dynamic conditions, 
such as DMA, to analyse the damping behaviour and energy dissipation. The dynamic 
mechanical analysis of the composites performed in this thesis, including the energy 
dissipation capability using cyclic and incremental loading tensile tests, has not been 
undertaken before. Such experimentation, performed at different strain rates and the 
evaluation of stiffness reduction, can help understand the damage evolution and dynamic 
behaviour under different loading conditions for the studied materials. By applying such 
techniques, it is possible to study the influence of TPEE on the energy dissipation levels and 
conclude the mechanism behind any observations. 
It was noticed in this review chapter that fracture surfaces and analysis of interfacial 
adhesion and glass-fibre conditions after loading, gave important insights into mechanisms 
and processes happening under quasi-static and dynamic loading conditions. The 
understanding of such mechanisms and macro-mechanical responses at the microscopic 
scale, would help develop this composite and better apply it for suitable applications. 
Hence, the following review chapter covers the microstructural and morphological 
characterizations for composites related to this study. 
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3. Microstructure and 
Morphological Characterisation 
3.1 Introduction 
Generally, each material possesses a special fracture morphology, depending for 
instance, on the blending constituents, the glass-fibre content, and the loading condition. 
However, across a range of materials, there are major morphological similarities which 
could be reviewed to achieve a reliable microstructural analysis of the studied composites 
in this thesis. The review for microstructural are morphological analysis in this chapter 
covers in its first part a brief review about the related methodologies applied in different 
studies for detecting and quantifying voids. In the second part, morphological 
characterisations including ductile-brittle fracture modes of relevant polymers including 
thermoplastics, is covered, in addition to analysis of interfacial bonding quality and its 
effect on fracture behaviour. 
Based on the reviewed literature, when investigating the microstructural behaviour of 
glass-fibre-reinforced polymers, three main points should be taken into consideration: the 
degree of interfacial fibre-matrix adhesion, the volume of broken or pulled-out fibres over 
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a defined area on the fracture zone and the material’s ductile-brittle behaviour observed 
on the fracture surfaces.  
3.2  Voids in polymers 
As noticed in the previous review chapter, blending polymers in general and 
thermoplastics in particular with a rubbery material can enhance formation of voids and 
cavities. Cavities is the phenomenon of formation of micro and nano size voids during 
deformation. However, in semi-crystalline polymers, cavitation is observed at 
temperatures above the glass transition (Tg). Below Tg, deformation in these materials is 
easier with voiding [95]. Detectable voids can exist prior to loading, as a result of 
manufacturing conditions during injection moulding. It should be emphasized that voids 
may also exist in a non-deformed polymer, as a result of its solidification from melt. The 
cavitation phenomena may occur during isothermal crystallization [96], [97]  in other 
words, during cooling of the injected part. It was proven that due to differences in density 
between the melt and the crystalline phase, formation of negative stress can happen in 
spaces occluded by growing spherulites [98]. This phenomenon is typically undesirable. 
The initiation due to load or the pre-existence of these voids in a material greatly affects 
its structural behaviour and can significantly affect the mechanical properties and the 
material’s performance including failure mechanism. 
Prior to the review regarding void nucleation and their existence in a sample’s 
microstructure, a brief review of applied methods, used in voids detection and 
quantification, is given. One of the widely-used methods is microscopy [3]. Microscopic 
void-detection methods include polarizing-light, scanning electron microscopy (SEM) and 
atomic force microscopy [99]. Using these methods, it is possible to detect voids with sizes 
ranging between nanometer and micrometre. Each of these methods has its advantages 
and disadvantages [100], [101]. The weakness of microscopical investigation is that it is 
usually applied on fracture surfaces of destructed samples already subjected to mechanical 
testing, when the strain relaxation has already taken place [95]. 
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However, there exist some non-destructive methods. An example a non-destructive 
voids quantifying method was reported by Saint-Martin et al. [102]. They stated that, to 
detect void locations and quantify their volume, apparent density control (comparing 
densities of samples) of a tested specimen could be an accepted non-destructive method. 
Mass control (comparing weight of samples) methods were not sufficient for voids 
detection. Still, this method’s accuracy is lower than that of destructive methods. Using 
image analysis, they were able to detect voids with a threshold operation (converting 
grayscale images into binary images to isolate objects). This method was used to calculate 
the void-rate, which was achieved, by cutting and polishing parallelepiped samples and 
calculation of the global void rate (porosity) (Figure 3-1). This method applied 2D voids 
analysis of individual sections to build a 3D voids model of the sample. 
 
Figure 3-1 2D Voids rate measurement method using a threshold operation. Figure adapted with 
permission from the original article of Saint-Martin et al. [102] (Copyright 2003 by Elsevier Science 
Ltd.) 
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The void rate was calculated using the formula: 
𝜏𝑣 =
1
𝑉
. ∑ 𝑉𝑘 [∑ (
𝑆𝑣𝑖
𝑆𝑖
)𝑖 ]𝑘 ,    (3.1) 
where 𝑖 stands for the image number, 𝑆𝑖 the image surface area, 𝑆𝑣𝑖  the void surface 
area in the image,  𝑘 the number of the parallelepiped sample, 𝑉𝑘 the volume of the 
parallelepiped sample, and 𝑉 the volume of the plate. The drawback of this method is the 
loss of some morphological features due to polishing in addition to its complex procedure. 
The advantages of 3D over 2D voids detection were highlighted in the Bruker micro CT 
porosity analysis method [103]. It was stated that 2D voids detection might show 3D 
connected voids as isolated separate voids. Moreover, closed porosity in 2D may seem 
larger than the equivalent parameter measured in 3D. However, both remarks do not seem 
to have any disadvantage on the process of detection of voids in a 2D cross-section. The 
only difference is that 3D detection can give a much accurate measurement if the aim is to 
measure the voids volume-fraction in a specimen. To confirm this suggestion, Plessis et al. 
[104] gave an insight into comparison between 2D and 3D voids detection and had similar 
conclusions in addition to addressing a simple way for porosity analysis using X-ray CT. X-
ray CT scans can provide high-quality 3D models of fractured or unfractured samples, giving 
the opportunity for quantification of void fraction in a sample. However, the reliability of 
such quantitative analysis depends on the quality of the obtained scans, which in turn, 
depends on the equipment and the software used.  
Another method for void detection, is using image thresholding to identify voids on 
fracture surface obtained from SEM. Dominguez et al. [105], adapted a new automatically 
operated image processing technique for NASA. They used a method by applying two 
thresholds to detect voids on SEM fractographs. They stated that one threshold-control 
method could wrongly assign matrix zones as void segments (depending on the studied 
material). Despite the fact that 2-threshold method was not mistake-free, it delivered more 
accurate results.  
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In addition to void fraction, the distribution of these voids is of great significance. In a 
scientific article discussing the distribution and volume of voids in polymer composites, 
Boriek et al. [106] developed a probabilistic model for the distribution and volume of voids 
and investigated their effect of stresses in these materials. They observed that the 
presence of voids tends to relieve stresses in the surrounding resin domain. The authors 
concluded that composites with high voids volume had lower levels of stress than void-free 
systems.  
Moreover, voids distribution can have an effect on the fracture path and failure 
mechanism of materials. In a 1979 study by Melander [107], the authors stated that 
fracture strain for randomly distributed voids was larger than that with regular distribution. 
Moreover, there was difference in the shape of fracture path, varying from straight at low 
tensile pressure and wavy at high tensile pressures. It was observed that fewer voids per 
fracture surface were involved in fractures with straight paths. 
As mentioned, cavitation is the formation of numerous micro- and nano-size voids in a 
matrix material during deformation. This happens when polymer chain-mobility is 
insufficient for deformation of lamella. In semi-crystalline polymers, this phenomenon was 
observed above the glass transition temperature (Tg), which is the temperature range 
where the polymer substrate changes from a rigid glassy material to a rubbery material 
[108]. However, it was reported that cavitation was detected only in tensile deformation, 
as this process depends on triaxial straining. During tensile deformation, micro- and nano-
voids form just before the large-scale plastic deformation of crystals [95].  
Microstructural failure in tensile testing of SFR polymers was studied by Noda et al. 
[109]. Tensile tests were performed for temperatures above and below Tg. It was observed 
that the main failure mechanism for experiments performed below Tg was the formation 
of voids at fibre-ends followed by growth of microcracks in this area. The coalescence of 
these microcracks grew between the adjacent fibres, allowing catastrophic fracture of the 
specimen in a brittle manner. However, above Tg, the failure mechanisms were 
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characterized, in addition to microcracks formation at the fibre ends, by fibre debonding 
and catastrophic failure in a brittle manner.  
Similar results were observed by Schossig et al., who studied the mechanical behaviour 
of glass-fibre-reinforced thermoplastic materials [62] and found that the interfacial 
bonding between glass fibres and polybutene-1 matrix was weak. The formation of 
multiple breaks took place because cavities formed between fibers and the matrix, in 
addition to the formation of new cavities during deformation.  
G. Knauss [110] demonstrated the potential defects leading to fracture of a structure 
due to formation of voids in a polymer material. Different types of defects, which can lead 
to fracture, are shown in Figure 3-2. 
 
Figure 3-2 Various types of defects leading to fracture. Figure adapted with permission from the 
original article of W. G. Knauss [110] (Copyright 1969 by the Society of Rheology) 
However, the author stated that failure initiation may result without the existence of 
voids or inclusions and gave an example of fibre-reinforced polymer with random fibre 
distribution, where he showed that no voids were noticed in the initial stages of crack 
formation and no defects were detected at this stage. 
As noticed in this brief review, the methods applied in voids detection depend on the 
aims behind the analysis and the nature of the studied materials. When the aim is to 
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compare the volume-fraction of voids, where accurate measurement of the volume 
occupied by voids is needed, 3D, non-destructive methods such as X-ray CT are preferable. 
When the aim is to detect voids on a fracture surface and observe their distribution and 
size without a need to precisely characterise volume, similar to the investigation 
undertaken in this thesis, 2D voids analysis using threshold controlling is an effective 
method to be applied. Moreover, not only the fraction of voids but also their distribution 
in a structure is of great importance since the crack path can be greatly defined by the local 
distributed voids. 
It could be concluded that void detection and analysis and their process of formation are 
central topics which can affect the deformation and fracture behaviour of a composite 
significantly. The nucleation of voids in a structure can enhance debonding of fibres and 
determine the crack growth. This fact is relative in this thesis since the studied materials 
are fibre-reinforced. Moreover, 2D image processing of fracture surfaces can give, based 
on this review, a clear insight of the debonding process. Application of X-ray CT scans can 
show if any voids or inclusions pre-existed in the material structures. The next section will 
focus on the effect of rubbery material on the formation of voids in a composite due to the 
topics’ relevance to the materials studied in this thesis (PBT-GF10 blended with the rubbery 
elastomer TPEE). 
3.3 Effect of rubber on voiding in polymers 
The review in the previous chapter showed that one of the main advantages of 
incorporation of rubbery materials into polymers is to enhance their impact properties. 
The energy dissipated during deformation in the toughened (modified) material was 
enhanced by the ability of the matrix to form crazes or shear bands. Such phenomena 
happen in a material during plastic deformation because the rubber particles dispersed in 
the matrix act as stress concentration points. Studies on different polymers showed 
generally that for brittle polymer materials, crazing is the deformation mechanism whereas 
for ductile materials, shear yielding was more dominant [111]. 
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Pearson and Yee [112] studied the deformation mechanism of epoxies modified with 
elastomers. They observed cavitation (voids formation) and shear bands during the 
deformation process (tensile tests at constant displacement rates). Increase in toughness, 
as result of blending with elastomer, was linked to increased yielding (plastic deformation) 
in the matrix before failure. This was quantified by measuring the size of the plastic zone 
in the matrix. The authors stated that, the formation of voids and the observed cavitation 
had a significant effect of the toughening process and caused, in addition to formation of 
shear bands, larger plastic zones.  
These studies are important to help understand how voids formation relieves the triaxial 
tension in the matrix. During deformation, rubber particles form new surfaces within the 
matrix and the energy can be transformed from one surface to another and thus enhancing 
energy dissipation and impact properties [111], [112]. 
The toughening mechanism and morphological effect of rubbers on PBT was studied by 
Deshmukh et al. [51]. They used SEM to study the fracture surface of elastomer (ethylene-
co- glycidylmethacrylate (GMA)-co-n-butyl acrylate (nBA) terpolymer) modified SFR PBT 
with 30% wt. glass fibres. Fractographs revealed brittle fracture with pulled-out fibres. 
They stated that crazing was the dominant deformation mechanism leading to brittle 
behaviour.  
For the rubber modified systems they noticed micro-voids, which increased in size and 
volume-fraction with increasing rubber content. At higher rubber content, the formation 
of fibrils was explained by high plastic deformation process happening (Figure 3-3; (c, d)). 
The rubber particles acting as stress concentrators enhanced the impact properties by 
initiating small crazes which absorbed significant amounts of energy. The authors reported, 
using SEM micrographic analysis, based on the amount of matrix residue on pulled-out 
fibres, enhanced fibre-matrix interfacial adhesion in the rubber-modified composites when 
compared to unmodified SGFR PBT composites (Figure 3-3; (e, f)). 
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Figure 3-3 SEM micrographs of tensile fractured surface of PBT composites: (a)unmodified brittle 
fracture; (b) brittle fracture with 1% modifier; (c) & (d) brittle to ductile transition showing fibrils 
pulled-out from the matrix with 3-5% modifier; (e) matrix residue revealing good-quality interfacial 
bonding in the modified material; (f) clean fibres without matrix residue in unmodified SGFR PBT 
revealing low-quality interfacial bonding. Figure adapted with permission from the original article 
of Deshmukh et al. [51] (Copyright 2011 by John Wiley & Sons, Inc.) 
Sharma and Maiti [11] studied the morphology of PBT/SEBS blends with a varying SEBS 
volume fraction between 0 - 0.38. Specimens were immersed in liquid nitrogen and 
cryogenically broken. In this way, the morphology could be examined without being 
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affected by plastic deformation of the specimen. They noticed brittle fracture behaviour 
for cryofractured samples (Figure 3-4).  
 
Figure 3-4 SEM micrographs of PBT/SEBS blends with varying SEBS volume fraction (ϴd): (a) 
unmodified PBT; (b) pure SEBS; (c) ϴd=0.07; (d) ϴd=0.14; (d) ϴd=0.26; (f) ϴd=0.38 [11]. Figure 
adapted with permission from the original article of Sharma and Maiti [11] (Copyright 2013 by 
John Wiley & Sons, Inc.) 
The brittle mode was identified on the fracture surface by its sharp ridges. Spherical 
structures of the rubbery particles were observed on SEM fractographs. The ability to 
visualize such structures depends on the level of dispersion and compatibility of the two 
blended materials. In (Figure 3-4; (a, b)), it is clear to see that Pure PBT and SEBS did not 
show any voids in their microstructure. However, after blending, a clear difference in 
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microstructure was observed, where spherical structures varied with varying SEBS content 
((Figure 3-4; (c, d, e and f)). 
Similar results and observations were reported by Mehrabi Mazidi et al. [113]. They 
studied PP and ethylene-propylene-diene monomer (EPDM) blends and were able to 
observe the rubbery particles on SEM micrographs. In this study the total fracture energy 
was quantified by calculating the area under the stress-strain curves. They stated that the 
energy needed for a crack to propagate was greater than that needed during yielding of 
the material up to crack initiation. However, this behaviour was observed for fully-ductile 
fractures with stable crack propagation.  
In addition to void formation as result of rubber incorporation, a unique morphology of 
PBT was observed by Benson and Burford [114] (Figure 3-5). 
 
Figure 3-5 Morphology of fracture surface of 50/50 PBT/ASA blend showing mushroom-like 
structures. Figure adapted with permission from the original article of Benson and Burford [114] 
(Copyright 1995 by Springer Nature Customer Service Centre GmbH) 
They studied the morphology and properties of PBT - acrylate styrene acrylonitrile (ASA) 
blends. Mushroom-shaped structures were observed on the fracture surface and these 
unique shapes were explained by competing forces between adhesion and cohesion of the 
PBT matrix. They noticed that this type of morphology exhibited good mechanical 
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performance when triaxial forces where applied. In this study, it was obvious that the 
morphology was greatly affected by the matrix composition and loading condition. 
 
As noticed, the formation of voids is not simply an undesirable defect in the material. 
Voids and the related plastic deformation can be advantageous when they form under 
load. Voids formation can enhance the impact behaviour by relieving stresses in the matrix, 
depending of the material’s composition. The formation of voids depends on the dispersion 
of the rubber particles, where the type of elastomer and its volume fraction in a mixture 
can affect the number and size of the nucleated voids. Furthermore, the literature revealed 
an effect of rubber or elastomers on formation of plastic zones in addition on its effect on 
the fibre-matrix interfacial bonding; these two major topics, which will be discussed in the 
following sections. 
3.4 Plastic deformation and ductile areas 
Ductile areas, observed on fracture surfaces of SFR PBT with 30% glass fibres, were 
identified by Klimkeit et al. [115] as plastically deformed and drawn material in a specific 
zone on the facture surface. In addition to brittle and ductile areas, they identified a third 
zone, similar to the brittle one, with additional small drawn fibrils. Such areas were 
described by other researchers as ductile-brittle transition zones. They possess 
characteristics of both ductile and brittle fracture. The authors stated that this zone was 
only observed on fracture surfaces of fatigue tested specimens and rather than those 
tested in static tension.  
Rolland et al. [116] investigated the damage mechanism in short-fibre-reinforced 
thermoplastics and stated that the ductile area is more likely be located in the core of the 
specimen due to debonding happening mostly in this region. They linked the formation of 
ductile areas, caused by fibre-orientation and higher fibre-density in the core region to 
fibre debonding. The authors identified fibre failure, damage initiation during loading at 
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fibre-ends, in addition to the observed debonding process as damage mechanisms in SGFR 
thermoplastics.  
It should be mentioned here, that damage happens at fibre ends mainly due to two 
reasons. It was reported in several studies that fibre ends exhibit relatively poor fibre-
matrix adhesion properties [108], [115], [117]. Moreover, fibre ends act as stress 
concentrators. With increasing stress, damage observed as voiding in the fibre-matrix 
interface may grow in the direction of the fibre as shown in Figure 3-6. 
 
Figure 3-6 Growing damage at fibre-ends during tensile testing (tensile direction is vertical) [116]. 
Figure adapted with permission from the original article of Rolland et al. [116] (Copyright 2016 by 
Elsevier Science Ltd.) 
This damage growth at fibre-ends can cause further damage in the matrix in the case of 
sufficient interfacial adhesion or can lead to debonding of the fibre accompanied with large 
deformation in the surrounding matrix when the fibre-matrix interfacial bonding is poor 
[116]. Numerous similar local deformations in a specific area may cause a ductile area to 
form. 
Horst and Spoormaker [117] studied the fracture mechanism of SFR PA66 and compared 
the ductile-area sizes in fracture surfaces obtained under different loading conditions. 
When comparing the ductile-area size of conditioned (to equilibrium water content) and 
unconditioned specimens, they observed less ductility (smaller ductile areas) in the latter. 
This observation was associated to water absorption in the interface between the matrix 
and the fibres, which can lead to permanent loss of interfacial properties. In particular, the 
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fibre matrix bonding and ductility (ductile areas) were most influenced, whereas no 
variation in surface structure was observed in the brittle part of the fracture surface. 
Moreover, larger ductile areas were observed on fracture surfaces tested under fatigue 
loading than on those tested under quasi-static tensile loading. The authors stated that 
extremely ductile materials or composites with poor matrix-fibre interfacial adhesion, 
undergo micro-brittle failure behaviour when tensile tested.  
In the same study, voids around the broken or pulled-out fibres were examined. This 
analysis gave indications about the ductile behaviour of the material. For instance, they 
stated that the type of loading - tensile or fatigue - affects the ductility of the matrix 
because the fibre-matrix bonding is greatly affected by the loading mechanism. In tensile 
testing, the matrix cracks in a brittle manner because it is subjected to ‘pure’ shear forces. 
The authors stated that the interface itself did not fail. The damage causing failure was 
near the matrix-fibre interface in the composite. Furthermore, penny-shaped cracks, or 
conical structures were observed in this study (Figure 3-7).  
 
Figure 3-7 A broken fibre showing a conical structure. Figure adapted with permission from the 
original article of Horst and Spoormaker [117] (Copyright 2004 by John Wiley & Sons, Inc.) 
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The formation of these structures was linked to strong interfacial bonding. The authors 
stated that, in poorly bonded systems the fibres will slip-out through the matrix and these 
structures won’t be able to form. 
In their published study about micro-failure behaviour of short-fibre-reinforced 
thermoplastic composites, Sato et al. [92] discussed the differences in appearance of area 
of stable and unstable crack propagation, explicitly; ductile and brittle areas. For the tested 
specimen they observed only one small region of ductile area positioned near the centre 
of the fracture surface. In other studies, for instance [117], it was stated that the crack 
initiates, pointing indirectly to location of ductile areas, on an edge of the specimen. 
Analysis of matrix residue on pulled-out fibres using fractographic SEM images, showed 
that the debonding of fibres was not caused by simple debonding at the interface but 
caused by micro-failure at fibre tips near the interface which then in turn grew to a crack 
and propagated leading to failure. 
Ductile failure is a phenomenon related to metals as well as polymers. Boyce et al. [118] 
studied the morphology of quasi-static tensile failure in tantalum done at room 
temperature. They discussed the nucleation of voids, their growth and coalescence and the 
final fracture of the material. Most interestingly, the ductile dimples observed on fracture 
surface of 304L stainless (Figure 3-8) exhibited similar characteristics as ductile-area 
dimples observed in polymers, with their conventional hemispherical shape. It could be 
concluded that the shape of these dimples in ductile areas can indicate the type of 
deformation and fracture of a material. The authors stated that the fracture process 
involves a six-step sequence: (a) sub grain formation during deformation; (b) void 
nucleation at specific subgrain configurations, which involve high angle boundaries; (c) 
enlargement of the voids; (d) coalescence of voids along the axis of flow leading to the 
formation of multivoid cavities; (e) intercavity necking transverse to the tensile axis; and 
(f) final rupture of extensively thinned intercavity necks by a crystallographic cleavage-like 
process. 
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Figure 3-8 Ductile area observed in 304L stainless [118]. Figure adapted under the Creative 
Commons CC-BY licence from the original article of Boyce et al. [118] 
In relation to polymers, it is noticed, similar to the reviewed literature, that the steps 
including void nucleation, enlargement of voids, coalescence of voids and finally leading to 
fracture are common in both materials. 
As presented, the ductile and brittle zones could be examined and located from 
fractographs obtained via SEM. The ductile zone is defined as the zone of crack initiation 
and propagation. More accurately, it is the area of stable crack propagation [92], [115]–
[117]. When subjected to external load, the ductile area can form by yielding of polymer 
matrix leading to formation of dimples or polymer filaments, which depends on the 
material composition and testing conditions. On the other hand, the brittle fracture mode, 
indicates an unstable crack propagation which causes the catastrophic failure of the tested 
specimen. The structures of both areas, based on this review, differ from each other and 
from one composite to another and are greatly affected by presence of SGF reinforcement. 
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The effect of GF on damage and failure in thermoplastics is thus discussed in the following 
section. 
3.5 Damage and failure in thermoplastics 
It is known that the fibre-matrix bonding’s quality can affect the ductility of a material, 
as strong bonds put high constraints on the matrix and the material’s viscous flow [119]. 
The viscoelastic deformation behaviour was discussed by Fitoussi et al. [59] in a study 
about the effect of matrix on SFR ethylene–propylene copolymer (EPC). They observed 
micro cracks around debonded fibres on the interface during quasi-static loading. The 
viscoelastic behaviour on the damage of these composites was revealed under dynamic 
loading conditions, where no micro-cracks were observed. As microcracks initiate in a 
ductile manner, they need time to form. At high strain rates, the damage was restricted in 
local viscoplastic deformations. Local areas around fibres were highly strained and the 
amount of dissipated energy was related to this kind of yielding which in turn hindered the 
formation of micro-cracks (Figure 3-9).  
 
Figure 3-9 Matrix local viscoplastic deformation around a debonded fiber. Figure adapted with 
permission from the original article of Fitoussi et al. [59] (Copyright 2013 by Elsevier Science Ltd.) 
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Ductile/brittle matrix fracture behaviour, fibre breakage and pull-out, including degree 
of fibre-matrix interfacial adhesion were investigated, on short glass-fibre-reinforced 
polyamide (PA66-GF35 – 35% wt. GF) under fatigue loading by Belmonte et al. [89]. They 
examined the quality of fibre-matrix bonding by examining the residue of resin layer on 
pull-out glass fibres. Clean debonded fibres observed on SEM fractographs indicated poor 
fibre-matrix adhesion. They stated that, in case of sufficient-high-quality adhesion, a layer 
of resin residue on fibres points to damage happening near to the interface. On fracture 
surfaces of their studied material, fibres, in both ductile and brittle areas, had a layer of 
matrix on them indicating good adhesion bonding. Fibrils on the surface was evidence of 
matrix yielding, noticed locally in ductile regions. Moreover, they linked the existence of 
some clean fibres to the mechanism of yielding and formation of these fibrils and not to 
weak interfacial adhesion. On the other hand, fibres in the brittle area were uniformly 
covered by a matrix layer. This study demonstrates the effect of the debonding process as 
result of fibre-matrix interfacial quality, on the ductile-brittle fracture manner of a 
composite, where the amount of residue on the pulled-out fibres was dependent on the 
fracture condition (slow in ductile and fast in brittle). 
A study done by Schaaf et al. [120] on SGFR PBT with 30% wt. fibre content, investigated 
the damage mechanism under thermo-mechanical cyclic loading. Microscopic observation 
showed that damage at fibres-ends is recognised as white areas under light microscopy. 
Similar to the reviewed literature [92], in the presence of high-quality interfacial bonding, 
fibre pull-out was cause by damage in close vicinity of the interface. In the presence of glass 
fibres, it was clear that the crack did not propagate perpendicularly to the load direction 
but rather moved from one fibre to an adjacent one; therefore, influenced by the fibre 
distribution. 
The fracture surfaces of PBT showed similar characteristics to those noticed for PA66 
listed in the review above. Fracture surfaces obtained from strain-controlled cyclic tests at 
-40°C showed two main areas; ductile (produced in fatigue) and brittle areas. The areas 
were not easily identified by the structure of the surface. Brittle areas revealed darker and 
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smooth surface without any plastic deformations whereas, ductile areas where identified 
by their significant surface roughness and brighter colour. In all experiment’s, sufficient 
fibre-matrix bonding was observed as evidenced by matrix film on the fibres using SEM.  
Significantly, in contrast to other studies, for tests done at 23°C and 120°C no clear 
distinction between ductile and brittle areas was observed. There was an influence of 
temperature on the fracture surface roughness, however, the surfaces stayed uniform in 
appearance. 
Fung et al. [121] compared between PBT composites with different injection moulding 
process parameters; in particular glass-fibre orientation, by controlling injection point of 
glass-fibres. On SEM micrographs obtained from tensile fractured surfaces, zones of ductile 
and brittle fracture manner were observed. It was noticed in Figure 3-10; (b) that the brittle 
areas are similar in texture and structure to SEM micrographs observed in other studies. 
 
Figure 3-10 Ductile (a); and brittle (b) areas as observed by Fung at al. for P-Type PBT. Figure 
adapted with permission from the original article of Fung et al. [121] (Copyright 2003 by Informa 
Group plc) 
However, the ductile area reveals high plasticity characterized by gap-openings around 
the fibres (Figure 3-10; (a)). From the micrographs, the fibre-matrix interfacial bonding 
quality could be clearly evaluated from the residue of matrix on the pulled-out fibres. It 
seems that in some local parts of the specimen poor quality of bonding existed where crack 
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initiated and then propagated to zones with higher bonding quality mainly located in the 
brittle part of the fracture surface. 
Sethi et al. studied the effect of temperature and loading rate on interface dominated 
strength in fibre-polymer composites [9]. The scanning photomicrograph demonstrated 
good adhesion between fibre and matrix in the unconditioned laminates. They stated that 
strong interface may not permit a large deflection during fracture and the quality of 
interfacial bonding is not only significant for the strength and stiffness of the composites 
but can also affect and control the mechanism of damage initiation and propagation.  
As noticed in this section, damage in thermoplastics can initiate depending on fibre-
matrix interfacial bonding. Damage in thermoplastics occurs mainly in close vicinity of the 
fibres. In good-quality bonded systems, damage can be delayed, especially at higher strain 
rates due to supressed viscoelastic behaviour. Moreover, the fibre-matrix bonding 
character could depend on the strain rate at which the sample is fractured. 
3.6 Conclusion 
Based on this review, it is clear that the fracture morphology is greatly dependent on the 
type of matrix material, the loading condition and whether reinforcement such as glass 
fibres is added to the composite. 
In the case of rubber blended materials, it was found that a rubbery phase in a composite 
can enhance the formation of voids. While this is considered as a material defect and is 
undesirable when caused by the injection-moulding process, studies showed that voids 
forming under load may have some advantages on the mechanical performance of a 
material, especially those related to fracture toughness and impact behaviour. Moreover, 
experiments performed below and above Tg were reported to have different results. 
For short-fibre reinforced composites, several studies showed the effect of fibres on 
damage initiation and propagation of cracks. In many reviewed cases, damage happening 
at fibre-matrix interface and fibre-end was the main failure mechanism. The level of this 
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damage and the degree of fibre-matrix bonding caused formation of plastic zones, also 
referred to as ductile areas. 
Voids nucleation and fibre matrix interfacial condition greatly affected the size and 
shape of ductile areas. It was observed that the size of these areas and the related plastic 
deformation differed under different loading conditions (tensile or fatigue) and other 
parameters. For instance, it was stated that the formation of voids, as result of addition of 
rubbery materials such as thermoplastics, had a significant effect to toughen the 
composites and caused, in addition to formation of shear bands, formation of larger plastic 
zones. Cavitation and voids were also observed at lower temperatures and higher strain 
rates. 
The effect of strain rate and voids content, in addition to the effect of viscoelasticity on 
mechanical properties and performance on the size of ductile areas of the studied 
composites in this project were, to the author’s best knowledge, not covered by any of the 
reviewed literature. Some studies compare the porosity of modified and unmodified 
composite systems and concluded that a rubbery phase may enhance void formation. 
However, regarding the materials in this thesis, no study covered the effect of TPEE on 
voids formation in SGFR PBT with respect to strain rate. 
Moreover, the size of ductile areas, as noticed in the review was compared between 
tensile and fatigue tested samples and it was not performed for PBT-GF10 or PBT-GF10 
TPEE fractured at different strain rates. Furthermore, the effect of TPEE on the interfacial 
fibre-matrix bonding of SGFR PBT was not investigated. All these topics, including energy 
dissipation, damping behaviour and damage will be covered in this thesis. 
In other words, since thermoplastics are viscoelastic materials, it is interesting to study 
the effect of viscoelasticity of the failure process of PBT composites and how the fracture 
morphology varies with varying loading conditions. 
The mechanical properties and dynamic performance of PBT-GF10 with and without 
TPEE, followed by a morphological analysis of their fracture surfaces, will be presented in 
the following chapters of this thesis.  
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4. Mechanical Behaviour and 
Fracture Analysis of SGFR PBT 
and TPEE 
 
4.1 Introduction and overview 
As mentioned in the introduction chapter, due to the rapidly-growing market and ever-
increasing application of thermoplastic parts in the automotive industry, the knowledge 
concerning their mechanical behaviour, properties and their interpretation must be 
thoroughly and systematically studied and properly understood prior to any intention to 
utilize such parts in product engineering since they can be significantly influenced by the 
end-use conditions [122]. 
The main aim of this project is to investigate the mechanical performance, perform 
microstructural characterization of SGFR PBT composites and study the effect of TPEE on 
this composite, covering a gap in the scientific literature and contribute to knowledge 
concerning this thermoplastic composite. The first step towards fulfilling this aim is based 
on performing uniaxial tensile tests undertaken at different loading rates to study the 
effect of strain rate on tensile properties of the two studied composites, namely, PBT-GF10 
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and PBT-GF10 TPEE. This is followed by application of high-speed filming to observe and 
determine any differences in fracture behaviour between the two studied materials.  
4.2 Materials and specimens  
In this thesis, two PBT composites are investigated. The first, standard polybutylene 
terephthalate with a 10 wt.% short-glass-fibre content (1 mm fibre length) referred to as 
PBT-GF10 is used as a reference material to evaluate the effect of TPEE on SGFR PBT 
composites. The second material, polybutylene terephthalate with 10 wt.% of glass fibres 
and 10 vol.% of thermoplastic polyester elastomer (TPEE), is referred to as PBT-GF10 TPEE. 
All samples used in experiments were standard ISO 527 dogbone specimens produced via 
injection moulding (Figure 4-1).  
The samples were prepared by twin-screw extrusion injection and moulding techniques. 
The fibres are introduced during the extrusion process with the pellets. The raw materials 
of the composites are mixed in an internal mixer at 240 °C. Standard dog-bone samples 
were injection-moulded with the above addressed dimensions. The injection pressure was 
set at 600 bar and the holding pressure was at 500 bar.  
 
 
 
Figure 4-1 ISO 527 dogbone specimen (all dimensions are in mm)  
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4.3 Estimations of composite materials properties 
The first step preceding the static tensile tests would be a theoretical approach to 
estimate the Young’s modulus using the rule of mixtures [123]. This estimation will provide 
values for comparison with the experimental results and data sheet values provided by the 
supplier. 
The rule of mixtures is a method applied to estimate the properties of composite 
material, based on the assumption that a composite property is the volume weighed 
average of the phases properties (matrix and fibres in this case). 
According to the rule of mixtures, the following properties of a composite can be 
estimated: 
• Density  
• Coefficient of thermal expansion  
• Young’s modulus  
• Shear modulus  
• Poisson’s ratio 
• Tensile strength 
In this section, based on the rule of mixtures, the estimation of the Young’s modulus 
values will be performed. 
The applied formula for calculation of Young’s modulus for short-fibre-reinforced 
composites is defined as: 
Ec = η0η𝑙𝑉𝑓𝐸𝑓 +  𝑉𝑚𝐸𝑚       (4.1) 
η𝑙 = 1 −
2
β𝑙
tanh (
β𝑙
2
)       (4.2) 
β = √
8𝐺𝑚
𝐸𝑓𝐷2ln (
2𝑅
𝐷
)
       (4.3)  
where, 
Ef – modulus of elasticity of fibre material; 
Em – modulus of elasticity of matrix material; 
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Vf – Volume fraction of fibre material; 
Vm – Volume fraction of matrix material; 
Gm - shear modulus of matrix material; 
ηL – length correction factor; 
L – fibers length; 
D – fibers diameter; 
2R – distance between fibers; 
η0 - fiber orientation distribution factor. 
Taking into consideration that the fibres in both composites are of the same type (E-
fibres) with similar lengths and injection method (distribution and orientation), it could be 
concluded that the young’s modulus value of material TPEE in PBT-GF10 TPEE composite 
will have the major effect on the modulus value of this composite (a decrease). As the 
modulus of TPEE is smaller than that of pure PBT, the modulus of the modified composite, 
according to the formula will possess and lower value than that of PBT-GF10. 
In this calculation the following parameters for composite PBT-GF10 are applied to the 
formula, 
Ef – modulus of elasticity of fibre material is 72 GPa [124]; 
Em1 – modulus of elasticity of matrix material of unreinforced PBT is 1930 MPa [124]; 
Em2 – modulus of elasticity of matrix material of unreinforced TPEE is 56 MPa [37]; 
Em – modulus of elasticity of matrix material of unreinforced PBT/TPEE is 1550 MPa [37]; 
Vf – Volume fraction of fibre material is 10 % (0.1); 
Vm – Volume fraction of matrix material is 90 % (0.9); 
Gm - shear modulus of matrix material (PBT) 4758 MPa [124]; 
estimated according to SEM fractographs: 
L – fibers length 1 mm; 
D – fibers diameter 10 µm; 
2R – distance between fibers –100 µm; 
η0 = unidirectional parallel to the fibers (0.1) 
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The calculation shows that the estimated values of Youngs’s modulus for PBT-GF10 and 
PBT-Gf10 TPEE are around 4560 MPa and 4096 MPa, respectively. These results agree 
significantly with the supplier’s data and reviewed literature (within +5 % of the values). 
4.4 Static tensile tests 
4.4.1 Overview and definitions 
To study the mechanical properties of any material, tensile tests represent the basic 
experimental method. The tensile properties are often used in selection of materials for 
engineering applications and are also essential for characterisation of most materials. 
Tensile tests represent the experimental procedure closest to pure uniaxial loading. 
Generally, in materials science, the strength of a material is often a primary concern. It 
could be evaluated in terms of either the level of stress needed to cause plastic 
deformation or the maximum stress level that a material can withstand before fracture. 
When a polymer is subjected to an external load, elastic deformation occurs first. When 
this phase reaches its end (yield point), plastic deformation is initiated, followed by a 
further increase in the applied load (post-yielding) [2]. 
In fact, a material is classified as elastic if it returns back instantly to its initial length after 
being deformed when the force acting on it is removed such as metals at small strains, and 
rubbers. Before yielding, engineering materials, including polymers are linearly elastic. 
Above the yielding point, materials no longer follow the Hooke's law (proportionality of 
stress to strain). This ratio of measured stress to strain during elastic tensile testing is called 
the Young’s modulus or elastic modulus and is nearly constant for most metals. However, 
in polymers, the stiffness depends on temperature and strain-rate. In its general form, 
elasticity defined by Hooke's law, states that there are linear correlation between stress 
strain components in a deformed object [125], [126]. 
The deformation of a polymer is caused by one of three mechanisms: elastic, anelastic 
and plastic mechanisms. In the elastic domain, when the applied stress is removed, the 
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deformation recovers instantaneously. In the anelastic domain the deformation can 
eventually recover, while the plastic mechanism gives rise to irreversible deformation. 
When the applied force exceeds the yield point or the elastic limit of a certain polymeric 
material, plastic deformation happens and the stress-strain relationship is described as 
nonlinear, the sample can no longer return to its original size. The minimum stress needed 
to produce permanent strain or irrecoverable plastic deformation in a material is called the 
yield stress [127]. 
The material’s ductility is of great interest as well. It characterises the extent of a 
material to deform before it fractures. Materials with low ductile behaviour and increased 
brittleness are usually characterized by low resistance to fracture.  
The main material characteristics that could be obtained from tensile tests and relative in 
this study are [128]: 
‒ Young’s modulus E [MPa]; 
‒ Tensile stress at break σb [MPa];  
‒ Tensile strain at break εb [MPa]; 
‒ Tensile stress at yield σy [MPa]; 
‒ Tensile strain at yield εy [MPa]; 
‒ Ultimate tensile strength σmax [MPa]; 
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4.4.2 Monotonic tensile tests 
Tensile tests were performed on an Instron Z150 machine equipped with a 10 kN load 
cell. All tests were performed using an Instron contact-type extensometer with a 10 mm 
gauge length (Figure 4-2). Specimens of both materials were tested up to failure at four 
different loading rates. A total of 5 samples of each material were tested. Crosshead travel 
speeds of 2, 20, 200 and 400 mm/min (corresponding to strain rates of 0.003, 0.03, 0.3, 0.6 
s-1) were chosen on a logarithmic scale according to the values recommended in ISO 527 
standard [128]. The last magnitude was employed instead of the recommended value of 
2000 mm/min to match a potential usability envelope of the studied materials. It should 
be noted here that the term quasi-static is used for loading rate 2 mm/min (strain rate 
0.003 s-1) referring to a low crosshead speed and the term dynamic explicitly refers to 
crosshead speeds of 20, 200 and 400 mm/min (strain rates 0.03, 0.3, 0.6 s-1), representing 
a higher range of loading rates. 
In uniaxial tensile tests, the specimen is loaded from a relaxed state until it reaches a 
catastrophic failure; during the deformation process, relevant data such as the yield point 
Figure 4-2 (a) Instron Z150 machine; (b)10 mm gauge length extensometer 
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or the breakpoint are produced. The quasi-static tensile tests were performed for both 
materials at a loading rate of 2 mm/min according to ISO 527; the stress-strain curves 
obtained from these tensile tests are presented in Figure 4-3. 
 
 The stress-strain curves acquired from tensile testing for materials PBT-GF10 and PBT-
GF10 TPEE reveals clear indications of the effect of TPEE on the tensile properties of PBT. 
For instance, the slope of the elastic portion of the curves shows a clear reduction in 
stiffness of material PBT-GF10 TPEE. As mentioned in chapter 2, blending of thermoplastics 
with rubbery materials could lead to a decrease in strength and increase in ductility thanks 
to the soft elastic phase of the rubbery component. A reduction in ultimate tensile strength 
could be clearly observed form the stress-strain curves; however, it could be noticed that 
a decrease in elongation at break value occurred, as a result of this blending.  
To have a quantitative comparison of the results, the recorded values for the relative 
tensile properties are presented in Table 4-1. 
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Figure 4-3 Quasi-static tensile testing of PBT-GF10 and PBT-GF10 TPEE at 2 mm/min (strain rate 
0.003 s-1) 
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Table 4-1 Tensile properties of PBT composites obtained from quasi-static tensile testing at 2 
mm/min loading rate min  
Property PBT-GF10 PBT-GF10 TPEE 
Tensile strength                      [MPa] 76 ± 3 71 ± 2 
Young’s modulus                    [MPa] 4200 ± 80 3600 ± 100 
Yield strain                                    [%] 1.7 ± 0.2 1.3 ± 0.2 
Yield stress                               [MPa] 58 ± 3 53 ± 2 
Strain at break                             [%] 4.9 ± 0.3 3.8 ± 0.2 
Stress at break                         [MPa] 71 ± 3 73 ± 3 
Prior to discussion of strain-rate dependent behaviour, it should be noticed, as 
mentioned, that there was a decrease in strength and stiffness of the material as result of 
TPEE incorporation in SGFR PBT. The ultimate tensile strength decreased from an average 
of 76 MPa to 71 MPa. A significant decrease in stiffness characterized by the Young’s 
modulus demonstrated a drop from 4200 MPa to 3600 MPa.  
Despite the challenging task to precisely determine the elastic range of a polymer and 
the start of the yielding phase, it was observed, from the undertaken measurements, that 
the yielding process in the TPEE material started at a much lower stress level. The strain at 
yield for PBT-GF 10 TPEE revealed a decrease in this value, pointing to a premature yielding 
process happening in them. This assumption will be investigated deeper in incremental 
tensile loading tests and advanced morphology analysis (chapters 5 and 6 respectively). 
The strain-at-break value, presenting the materials ductility, decreased from 4.9% to 
3.8%; it is a very strong indication of a destructive damage process as a result of a change 
in matrix microstructure during loading.  
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4.5 Strain-rate sensitivity 
To understand the strain-rate sensitivity of a composite material, it is essential to know 
the behaviour and properties of its constituents that affect the overall behaviour of this 
composite. Multiple studies showed [84], [92], [93], [116], [129], [130] that glass fibres are 
rate insensitive. Based on this fact, the rate-dependent failure behaviour of PBT 
composites depends mainly on two factors: the rate sensitivity of the matrix and a 
character of interfacial bonding between the matrix and glass fibres, which is affected by 
the applied strain rate due to the existing adhesion forces between the matrix and the 
fibres. At low strain rates, the mechanism of debonding or pull-out of these fibres could be 
totally different from the mechanism happening at higher strain-rates. This could play a 
significant role in the strain-rate-dependent behaviour of SGFR composites. 
It should be mentioned that during the performed tensile tests, at all strain-rates, no 
visual necking or yielding phenomena were noticed, for both PBT-GF10 and PBT-GF10 TPEE 
specimens as obvious from Figure 4-4.  
 
Figure 4-4 Specimens of PBT composites showing no necking after fracture 
The stress-strain curves obtained from tensile experiments of PBT-GF10 and PBT-GF10 
TPEE, performed at loading rates of 2, 20, 200 and 400 mm/min are shown in (Figure 4-5; 
(a, b)), respectively.  
Chapter 4 Mechanical Behaviour and Fracture Analysis of SGFR PBT and TPEE 
75 
 
 
As can be seen quasi-static tensile responses (loading rate 2mm/min), the stress-strain 
curves are relatively linear in the initial stages, followed by a non-elastic regime with 
gradual strain hardening. This behaviour is related to initiation of plastic deformation and 
damage. The latter might occur for the following reasons: failure of the matrix, failure of 
Figure 4-5 Experimental stress-strain curves of PBT composites at various loading rates: (a) PBT-
GF10; (b) PBT-GF10 TPEE 
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glass fibres, or interfacial debonding between glass fibres and the matrix. Fibre failures 
should be relatively rare since their tensile strength can reach 2500 MPa [131], whereas 
the maximum macroscopic stress in this study was less than 100 MPa. However, fibres are 
very brittle, and their orientation and location in specific zones could cause their breakage 
due to shear and bending forces. 
     After the strain-hardening stage, both curves reached UTS before starting to decline 
gradually to full failure. Apparently, the decrease in tensile-stress value after UTS extended 
to higher strains for PBT-GF10 than PBT-GF10 TPEE (difference between the strain at UTS 
and the strain at break). In other words, post UTS strain is clearly greater for PBT-GF10 than 
that for PBT-GF10 TPEE. This had a direct effect on a premature fracture of the specimen; 
elongation at break at 2 mm/min was 5% for PBT-GF10 and 3.8% for PBT-GF10 TPEE. This 
is an indication of more active damage happening at the microscale of the PBT TPEE 
composite. 
The stress-strain curves for PBT-GF10 composites under dynamic loading conditions (20, 
200, 400 mm/min) are similar in character to those under quasi-static loading. Apart from 
higher nonlinearity of their initial and final stages, they demonstrate similar features of 
strain hardening towards UTS followed by a gradual stress decline. However, the extent of 
post-UTS stress reduction for loading rates of 200 and 400 mm/min was smaller. Interfacial 
debonding between the matrix and glass fibres is normally the main cause of failure prior 
to final fracture.  
The obtained experimental results clearly demonstrate the effect of strain rate on the 
Young’s modulus for the studied range of loading rates; the qualitative analysis is shown in 
Figure 4-6. The values of the Young’s modulus in quasi-static loading were 4200 MPa for 
SFGR PBT-GF10 and 3600 MPa for PBT-GF10 TPEE, showing a negative effect of TPEE on 
the level of stiffness in the latter. The value of the Young’s modulus for PBT-GF10 was not 
greatly affected by the increasing loading rate, staying effectively constant (considering the 
spread of the experimental data). 
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Figure 4-6 Variation of Young’s modulus for PBT-GF10 and PBT-GF10 TPEE with loading rate 
On the other hand, the material blended with TPEE demonstrated a clear trend of 
increasing Young’s modulus with the growing loading rate - from 3600 MPa at 2 mm/min 
to 4000 MPa at 200 mm/min. Significantly, the difference between the values of the 
Young’s modulus for the two materials diminished consistently, nearly vanishing at 400 
mm/min (some 3% for the average values). These results demonstrate an increasing-
stiffness behaviour for the TPEE composite with a growing strain rate. 
The tensile strength of PBT-GF10 and PBT-GF10 TPEE composites is plotted as a function 
of loading rate in Figure 4-7. Apparently, the magnitude of tensile strength for both 
composites strongly depends on the rate of the applied load: the overall increase in 
ultimate tensile strength for PBT-GF10 and PBT-GF10 TPEE in the range between 2 mm/min 
and 400 mm/min was 24% and 14%, respectively, with PBT-GF10 showing clearly greater 
rate dependency with increasing rates, especially for those measured at 400 mm/min. 
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   Both materials obviously demonstrated strain-rate-induced strengthening. At loading 
rate of 2 mm/min, PBT-GF10 had a tensile strength of 76 MPa. It increased by 10% at 
loading rate 20 mm/min reaching a value of 83.5 MPa, followed by subsequent increases 
to 89 MPa and 94 MPa at 200 mm/min and 400 mm/min, respectively. The respective 
values for PBT-GF10 TPEE were 71 MPa (at 2 mm/min), 78 MPa, 85.9 MPa and 87.5 MPa 
(at 400 mm/min). Although both materials exhibited similar increasing trends, the graph 
also shows the effect of TPEE: the tensile-strength values of PBT-GF10 were consistently 
higher than those of PBT-GF10 TPEE. 
Moreover, variation in strain rate also affected deformational characteristics of the 
studied composites. Its effect on strain at UTS is shown in Figure 4-8. 
Figure 4-7 Effect of loading rate on tensile strength of PBT-GF10 and PBT-GF10 TPEE 
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Figure 4-8 Effect of loading rate on strain at ultimate stress for PBT composites 
This strain value represents the plastic deformation capacity of a material. The effect of 
TPEE on this parameter was clearly observed under quasi-static conditions, manifested by 
a 10% drop in its magnitude. In dynamic loading regime, as observed in the graphs, the 
value of strain at UTS increased for both materials with the increasing loading rate, proving 
that this value was also rate sensitive. In the range of loading rates up to 200 mm/min, the 
rate of increase in PBT-GF10 TPEE was greater, showing that its deformation capacity 
exceeded that of PBT-GF10. Generally, damage initiation in polymers is a relatively slow 
process. Due to their viscoplastic behaviour, irreversible deformation in such composites 
is time-dependent. With increasing loading rates, the materials response to external load 
becomes restricted. This was observed by several researchers; for instance, Fitoussi et al. 
[59] stated in their study of the effect of matrix on SFR EPC (ethylene–propylene 
copolymer) that microcracks were initiated in a ductile manner and needed time to form. 
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So, with increasing crosshead velocity, there was less time for damage generation and 
accumulation, leading to growing levels of strain at UTS in dynamic loading. 
 
Figure 4-9 Effect of loading rates on elongation at break for PBT composites  
The effect of TPEE on the elongation at break was highest under quasi-static conditions, 
as can be seen in Figure 4-9 which value diminished by more than 20%. Evolution of this 
parameter under dynamic loading was different in both studied composites: for PBT-GF10, 
with increasing loading rate, a drop from 5% to 4.5% at 20 mm/min was followed by a 
nearly constant level. The results for composite PBT-GF10 TPEE showed different trend. Its 
value increased at 20 mm/min and 200 mm/min (to 4.1% and 4.4%, respectively), 
decreasing at 400 mm/min (a wide spread of experimental data was observed at this rate). 
So, a transition from quasi-static to dynamic loading of PBT-GF10 TPEE resulted in an 
increased strain at failure, in contrast to PBT-GF10.  
As discussed, since glass fibres are rate-insensitive, the observed rate sensitivity in 
failure strain of both materials is a result of interaction between glass-fibres and the matrix 
and the rate-sensitivity of the latter. This is another indication of the effect of the loading 
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rate on damage evolution in the TPEE composite. This observation confirms that the 
material is able to withstand larger strains in dynamic loading than in quasi-static one. 
This experimentation part, showed the effect of TPEE on tensile properties; where 
degradation in tensile strength and modulus was observed, in addition to decrease in 
elongation-at-break and strain at UTS values. Both composite revealed strain-rate-
dependent behaviour, with PBT-GF10 showing significant increase in strain at UTS and 
elongation-at-break value. In the following part of this chapter, the fracture behaviour of 
both composites will be compared with means of high-speed filming, to observe any 
differences in fracture behaviour, which can be linked later to the microstructural analysis 
presented in this project. 
4.6 Fracture analysis - High-speed filming  
Generally, fracture is related to propagation of cracks. These cracks initiate as micro 
defects or damage created during manufacturing process or may form due to external 
loading applied to a material or component. A material’s matrix and its microstructure, 
together with the relevant interfacial forces, plays a major role in crack initiation, 
propagation and fracture behaviour. By definition, failure by fracture can occur if bonds 
are broken and new surfaces are created [80], [132]. Analysis of slow-motion recordings 
and acquired frames provides a great opportunity for registration of phenomena or 
mechanisms which cannot be observed with the unaided eye and could, hence, help to find 
key answers to the questions of this thesis. 
4.6.1 Experimental setup and parameters 
This experiment was performed to observe physical differences in fracture behaviour for 
the two materials and to provide a preliminary knowledge of their fracture behaviour. The 
importance of this technique is the ability to observe the fracture process at a very low 
speed. The obtained frames from the recordings could provide significant information 
about the fracture mechanism and crack propagation. The rate of propagation in such 
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composites is extremely high, making it impossible to track with standard cameras. Using 
this technique, the crack initiation in addition to its propagation and the resulting fracture 
and fragmentation of the sample could be observed, quantified and analysed. 
Therefore, a high-speed camera was used to record the fracture process of specimens 
of both materials. The experiment was performed at the lab of Lear Corporation in 
Remscheid, Germany. The high-speed camera used is of type KEYENCE-VW-600M, capable 
of capturing 25000-150000 frames per second (fps) (Figure 4-10).  
 
Figure 4-10 High-speed camera setup for uniaxial tensile tests using ISO 527 dogbone specimens 
By selection of appropriate framerate range, the resulting sequence of images provided 
useful recordings of the process, in which cracks originated and propagated, accompanying 
the fractures. Choosing a higher framerate decreased the resolution of the captured 
frames, making it impossible to cover the whole specimen during tensile testing, as the 
specific spot of fracture on the dogbone-specimen could not be pre-located. Due to this 
reason, to be able to record the precise fracture scenario, the highest possible framerate 
for this test was set at 78000 fps. 
The high-speed filming was done for the following conditions: 
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- Specimen fracture in tensile testing, 
- Specimen fracture in bending. 
The tensile tests were performed on a Zwick Z010 machine equipped with a 10 kN load 
cell. Specimens of both materials were tested up to failure at crosshead travel speed of 2 
mm/min (strain rate 0.003 s-1). The recording was performed at 25000 fps and 78000 fps. 
The difference in resolution and image quality could be clearly noticed in the obtained 
results. 
4.6.2 High-speed filming: Fracture under tension 
The frames in Figure 4-11; (a, b) demonstrate the moment of fracture of composite PBT-
GF10 recorded with high-speed camera during uniaxial tension at a framerate of 25000 fps 
and 78000 fps, respectively. From the recordings, the following observations could be 
concluded: 
 
Figure 4-11 High-speed camera filming of fracture moment for PBT-GF10 composite: (a) 25000 fps; 
(b) 78000 fps   
- At the moment of fracture, it was observed that a measurable cloud of tiny 
fragments formed around the fracture zone. The material seems to exhibit 
very brittle and glassy behaviour. Analysis of fragments measured from frames 
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obtained at 78000 fps, showed that the biggest fragment size didn’t exceed a 
volume of 1 mm3. 
- The dispersion of the fragments had a relatively big range. The radius of 
scattering of fragments was relatively large as if the specimen was exposed to 
a high energy impact.  
- The specimens fractured at only one position. No indication of additional 
cracks in different positions was observed. 
In Figure 4-11, the separation planes of the fractured specimen are marked with red and 
orange lines , whereas the crack initiation zone could not be located even with the high-
speed recording. It can be assumed that the plastic zone would initiate in the middle (core) 
of the specimen’s volume and not necessarily on one of its corners. 
 
Figure 4-12 High-speed camera filming at fracture moment for PBT-GF10 composite: (a) 25000 fps; 
(b) 78000 fps 
The frames of fracture for material PBT-GF10 TPEE recorded at 25000 and 78000 fps are 
shown in Figure 4-12. The analysis of the frames showed clear differences in fracture 
behaviour between materials PBT-GF10 TPEE and PBT-GF10.  
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- For all the tested samples, it was observed that the fragments of the former 
were larger in size than the fragments of latter (Figure 4-12; (a, b)). The volume 
of the biggest fragments measured up to 10 mm3.  
- This composite showed less glassy fracture, revealing more ductile-like 
behaviour based on the observation of the fragments’ size and dispersion after 
the failure (Figure 4-12; (b)). 
- In addition to the large fragments, tiny fragments were still noticeable, similar 
to those observed for PBT-GF10 (Figure 4-12; (a)).  
- Similar to PBT-GF10 the fracture initiated and propagated at only one part of 
the specimen for all the fractured specimen. 
The separation planes observed during fracture marked in (Figure 4-12; (a, b)) with 
coloured segments show that, in contrast to PBT-GF10, multiple cracks were formed in the 
fracture area and their propagation branched to several locations around the fracture 
zone. In fact, the main crack propagated from one side of the specimen (red separation 
lines) and then separated into two (green and yellow separation lines), forming another 
two surfaces. This led to formation of larger fragments as result of meeting of these 
separation surfaces.  
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4.6.3 High-speed filming: Fracture under bending 
A dedicated experimental setup was designed and manufactured to simulate fracture 
under bending. The specimen was fixed to a metallic structure using cable ties. The bending 
was performed manually till failure at a relatively slow pace. The bending point on the 
specimen was adjusted at 50% of the specimen’s length (Figure 4-13). The high-speed 
camera recording was performed for 25000 fps.  
The materials showed different behaviour from that observed during tensile fracture 
tests. The most remarkable observations are listed below: 
- At the moment of fracture, it was observed that a measurable cloud of tiny 
fragments was built for PBT-GF10; still, significantly less fragments could be 
counted (Figure 4-14; (d)) (An average number of the fragments counted in 
tension was 35; in bending it was 7 parts). 
- On the other hand, the fragments formed for PBT-GF10 TPEE were nearly 
negligible (Figure 4-14; (b)). 
Figure 4-13 Bending setup for high-speed camera filming  
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- The crack initiation and propagation process were similar, starting at one of the 
corners in the tensile part of the specimen and propagating to reach the 
catastrophic failure. 
Figure 4-14 High-speed filming of crack initiation in PBT-GF10 (a, b); and PBT-GF10 TPEE (c, d): under 
bending; (b and d correspond to moments of fracture)   
4.6.4 Outcome of high-speed filming 
From the observational analysis implemented for both materials for tensile and bending 
regimes, it was clear that both materials demonstrated different behaviours under similar 
circumstances. The difference in fracture behaviour observed in this section showed 
significant variation in glass-like fracture behaviour of PBT-GF10, affected by the 
incorporation of TPEE. The fracture analysis reveals a less brittle and glassy fracture 
character or a weakening in the microstructure of TPEE composite, allowing the matrix to 
form damage and cracks at a larger scale than that in PBT-GF10, observed by the formation 
of bigger fragments and the existence of different separate planes. The initiation of more 
cracks in the TPEE composite gives indications that the deformation and plastic behaviour 
of this composite is greatly affected by TPEE. The observation could be linked to the 
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decrease in strain-at-break value which could be affected due to formation of more cracks, 
leading to premature fracture. The microstructural analysis of fracture surfaces in chapters 
6 and 7 will provide more details about this phenomenon.  
Moreover, taking into consideration that the percentage of glass fibres content was 
similar for both materials ~ 10% wt., the variation in behaviour could be clearly referred to 
difference in their matrix microstructure. The incorporation of TPEE with PBT and its effect 
on fibre reinforcement could have significant effects on fracture behaviour of these 
composites. Weak fibre-matrix bonding might lead to formation of multiple breaks due to 
cavities and voids initiated in the fibre-matrix interface, and formation of new cavities 
during the deformation process. SEM micrographs showed that sufficient bonding 
between matrix material and the fibres may lead to load transmission between matrix and 
fibre causing splinter breakage [62]. Based on this information it could be assumed that 
TPEE influenced the interfacial fibre-matrix bonding negatively. Analysis of fracture 
surfaces obtained at different strain rates will be microscopically examined in chapter 6 
and 7. 
4.7 Conclusion 
This chapter presented an introduction to the experimental work implemented in this 
thesis. Observational fracture analysis using high-speed filming recording showed that 
there were recognizable effects caused by blending TPEE and PBT-GF10. 
Apparently, the fracture behaviour varied in both composites, with PBT-GF10 
demonstrating more glassy-like behaviour and PBT-GF10 TPEE showing ductile or less 
brittle fracture depicted from the number and size of fragments at the moment of failure. 
However, the static tensile tests showed that ductility of the material including TPEE 
decreased. Based on this, it can be concluded that there was variation in damage 
generation in the matrix, causing premature failure. 
Moreover, quasi-static tensile tests showed that strength and stiffness of the studied 
materials were affected negatively due to presence of TPEE in the composite. The Young’s 
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modulus and the strain at UTS (in addition to strain at break) decreased, generally revealing 
the degradation in tensile properties. However, while studying the effect of strain-rate on 
these materials, it was observed that they were significantly sensitive to strain rate. A 
positive strain-rate sensitivity of tensile strength and Young’s modulus, with both showing 
increase in value, was observed. The rate of increase in the values of the strain at UTS and 
elongation at break for PBT-GF10 TPEE were greater than that for PBT-GF10, showing a 
significant increase in deformation capacity and ductile behaviour, revealing enhancement 
in performance at higher strain rates for the TPEE composite.  
It is known that the initiation and evolution of localised plastic zones depends on the 
post-yield characteristics of a material, governed by two different phenomena: strain 
softening and strain hardening. These phenomena are responsible for stabilising the 
growth of plastic zones. Therefore, any variations in this behaviour can lead to significant 
changes in the macroscopic deformation behaviour, affecting directly the failure mode. 
Based on this, the significance of strain-rate dependency on the performance of both 
materials is obvious.  
Moreover, the observed increases in tensile strength and stiffness in addition to the 
increase in strain-at-break values for PBT-GF10 TPEE, (rate of increasing values at higher 
strain rates), can generate a larger area under the stress-strain curves, which is related to 
the fracture toughness capability of a material. This behaviour could be strongly linked to 
the well-studied enhancement of impact strength of thermoplastics when blended with 
elastomers. The next part of the experimentation plan in this thesis (in the following 
chapter) will focus on the dynamic behaviour of these composites by investigating the 
effect of TPEE on energy dissipation, plasticity, damping capability and damage. 
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5. Effect of TPEE on Deformation 
and Damping Behaviours 
 
5.1 Introduction  
The strain-rate dependency of PBT-GF10 and PBT-GF10 TPEE observed in the previous 
chapter and the variation in their mechanical behaviour, make it essential to understand 
their dynamic behaviour and obtain a better knowledge about their viscoelastic properties. 
The first step in this direction will be to perform cyclic loading-unloading tests with equal 
and progressive increments to gain information about plasticity and energy dissipation. 
Furthermore, performing dynamic mechanical analysis (DMA) will help to simulate the 
strain-rate effect on the materials in the linear-elastic range at small stresses and strains 
while considering their viscoelastic behaviour.  
At low stresses, nonlinear viscoelastic polymeric materials such as PBT reveal a linear 
viscoelastic or time-dependent response to mechanical loading represented by linearity 
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between stresses and strains. However, at high stresses, especially at levels exceeding the 
yield point, this behaviour can be nonlinear [81].  
In deformation kinetics, the main parameter, to which other values are referred, is the 
mechanical work 𝐴𝜀 defined as the work needed to deform a specimen up to a particular 
deformation 𝜀. The analysis of the amount of stored and dissipated energy during 
deformation gives useful information about the material’s viscoelastic and damping 
properties, especially prominent in SGFR thermoplastics due to the interaction and 
syngenetic effects between the matrix and glass fibres. The measurement of heat 
dissipated in the deformation process of solids is a powerful method to study mechanical 
responses. This transformation from mechanical loading into heat and dissipated work in 
addition to quantification of stored energy can provide significant knowledge about the 
deformation process and its structural mechanisms [133].  
As well known, fully elastic materials return to their original shape when load applied to 
them is removed. Such materials tend to return to their initial shape and size without being 
exposed to damage or plastic deformation. Viscous materials, on the other hand, are 
characterized by viscosity, which is the measure of a fluid’s resistance to deformation at a 
given rate. These materials are greatly affected by factors such as heat and the materials’ 
microstructure. Viscoelastic materials exhibit both elastic and viscous features when 
undergoing deformation. Due to this viscosity factor, their deformation shows time-
dependent behaviour. This makes viscoelastic materials able to dissipate energy when a 
load is applied and removed, a phenomenon that does not occur in elastic materials. 
Energy dissipation in viscoelastic materials is their capability to give off absorbed energy as 
heat. This makes them useful in applications isolating and dampening noises and vibrations 
in addition to enhanced impact resistance and shock absorption. The effect of TPEE and 
strain rate on energy dissipation and damping capability of PBT-GF10 of both materials are 
studied in this chapter, together with the strain-rate effect on damage. 
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5.2 Energy and plasticity in cyclic loading 
The energy absorbed by a material or the dissipated heat generated due to exterior load 
is described as hysteresis [80]. When a hysteresis loop is formed on a stress-strain curve, 
the dissipated energy can be computed. Explicitly, thermodynamics requires that the 
loading portion is higher than the unloading curve in a stress-strain diagram. The hysteresis 
is thus the area between the loading and unloading curve represented and calculated as:    
Hysteresis = Area under loading curve - Area under recovery curve         (5.1) 
Hysteresis is a suitable method to quantify and compare the energy-dissipation 
behaviour of a material. The literature review showed that this method was implemented 
for polymeric as well as metallic materials [63], [81], [82], [134]. The aim of this section is 
to study and compare the energy dissipated for repetitive cycles and present qualitative 
and quantitative analysis of deformation and damage induced in each cycle. 
Cyclic loading tests were implemented on an Instron 3366 tensile machine equipped 
with a 10 kN load cell. All tests were performed using an Instron contact type extensometer 
with a 10 mm gauge length. Specimens of both materials were cyclic tested for 13 cycles. 
A cycle included loading to a specific stress level and unloading back to the unstressed level. 
The crosshead travel speed was set to 2 mm/min (strain rate = 0.003 s-1) and the tested 
stress levels were selected for stresses above the yield stress equivalent to 2100 N and 
2400 N. Energy dissipation in addition to strain induced during each cycle are quantified 
and compared. 
5.2.1 Cyclic loading at 2100 N 
 The quasi-static cyclic stress-strain curves of PBT-GF10 and PBT-GF10 TPEE, tested at a 
load level of 2100 N for 12 consecutive cycles, are presented in Figure 5-1. It can be noticed 
that PBT-GF10 and PBT-GF10 TPEE exhibit an apparent energy-dissipation behaviour 
determined by the areas formed between the loading and unloading paths of the stress-
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strain curves. This effect is generally due to the heterogeneity of the polymer matrix caused 
by the crystalline lamellae [135].  
 
Another aspect that can be noticed is the strain hardening occurring in the first cycle, 
where the yielding process starts. However, there was no significant strain hardening or 
softening occurring when the specimen was subjected to several cycles of the same 
amplitude. The studied materials became more compliant with each consecutive cycle 
because of the accumulated plastic deformation. 
Moreover, it could be clearly noticed that most damage and plastic deformation 
occurred within the first cycle for both materials. A significantly larger area formed 
between the loading and unloading curves in addition to the residual strain measured in 
both composites after the first cycle in particular, led to this conclusion. 
To present a qualitative comparison, there is a need to focus on two major factors mainly 
responsible for the variation in the area formed between the loading and unloading curves 
and its size. These parameters are the stiffness reduction and the residual strain after each 
cycle. This was followed by the comparison of the energy dissipated by each material 
during different cycles. 
The instantaneous Young’s modulus obtained from the stress-strain curves represents 
the evolution of the Young’s modulus for all the data points measured during a tensile test. 
Figure 5-1 Cyclic loading of PBT composites at 2100 N: (a) PBT-GF10; (b) PBT-GF10 TPEE  
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The degradation in stiffness, an indication of the damage occurring in a material, could be 
concluded from these curves. The instantaneous modulus for material PBT-GF10 TPEE is 
presented in Figure 5-2. 
 
Figure 5-2 Instantaneous modulus of PBT-GF10 TPEE presented as function of strain 
The analysis of the instantaneous modulus showed that the greatest decrease in 
stiffness occurred in the first cycle. The measured Young’s modulus of material PBT-GF10 
TPEE was 3600 MPa. This value appears lower in the graph due to the averaging of the 
values for better visualization. This decrease in stiffness is due to plastic deformation and 
damage (yielding) mainly occurring in the first cycle. In the rest of the cycles, the increase 
in plastic strain is small but clear to be noticed at the beginning of each new cycle (Figure 
5-2). 
The reduction in stiffness could be barely noticed in the rest loading portions, whereas 
this degradation in stiffness could be more clearly noticed in the end-phases of the 
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unloading curves as seen in Figure 5-2. The trend is clear, providing indications of the 
damage happening with each cycle. Similar observations were done for PBT-GF10. The plot 
of the instantaneous modulus clearly demonstrates a reduction in stiffness due to damage 
induced during the tensile test. This reduction could be observed as the change of position 
of the curves on the y-axis of the diagram (Figure 5-2). In both materials, the greatest 
reduction in the modulus’ value happened after the first loop. The rest of the cycles caused 
a minimal gradual degradation in the modulus, an indication of less damage happening in 
the samples.  
Table 5-1 Values of dissipated energy and plastic strain per cycle for PBT composites 
Cycle Dissipated energy 
[MJ/m3] 
Residual strain / cycle 
[%] *10-3 
 PBT-GF10 PBT/TPEE PBT-GF10 PBT/TPEE 
1 79007 91836 148 160 
2 30446 37445 18 31 
3 27215 33405 12 15 
4 25974 31554 9 11 
5 25301 30967 7 8 
6 24943 30608 5 7 
7 24559 30399 6 7 
8 24459 30132 4 6 
9 24344 30091 5 5 
10 24317 30004 4 4 
11 24301 29962 4 4 
12 - - 4 5 
     
Table 5-1 has the dissipated energy and residual strain measured after each cycle. The 
residual plastic strain measured after each cycle was higher for the material with TPEE in 
all the cycles, indicating its higher plasticity. This could be due to debonding or fracture of 
glass fibres; obviously, for a specific stress level, a definite amount of debonding occurred. 
This was mostly due to the material’s heterogeneity and the non-uniform distribution and 
orientation of fibres. Fibres with weaker bonding or greatest misorientation from the 
optimal direction would be first to debond. Then, damage progressively propagated to less 
properly oriented fibres in the subsequent cycle. For the load, increasing with each cycle, 
more debonding should happen at each stress level until the magnitude capable of 
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separating or breaking enough fibres allowing microcracks to grow and accumulate would 
lead to total fracture. For cycles with a constant stress level, the dissipated energy, damage 
and plastic deformation converge to minimum, nearly constant values. At this level, most 
potential damage (corresponding to this stress level) has already occurred. 
The values of plastic strain for each individual cycle are illustrated in Figure 5-3. It can be 
concluded that the plastic deformation which happened in the first cycle was much higher 
than that in the rest of the cycles in both composites. The plastic strain per cycle settled to 
a nearly constant value after the 5th or 6th cycle. 
 
Figure 5-3 Comparison of plastic strain per cycle for PBT-GF10 and PBT-GF10 TPEE 
      Since energy and heat dissipation are linked to deformation, plasticity and viscosity, 
a comparison of the hysteresis loss of both composites was done. It was observed that the 
amount of energy dissipated in the first cycle greatly exceeded the energy dissipated in the 
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following cycles. It is clear from the diagram that the dissipated energy for PBT-GF10 TPEE 
material was higher in all the cycles as show in  Figure 5-4. 
 
Figure 5-4 Comparison of dissipated energy per cycle for PBT-GF10 and PBT-GF10 TPEE 
From the graph, one can notice that there was a significant drop in the dissipated energy 
after the first cycle, where the most plasticity and debonding occurred. The decreases 
during the second and the third cycle were much lower than the one measured during the 
first cycle. After the fourth cycle the energy levels reached nearly a constant value. This 
value should represent the viscous energy dissipated as the plastic contribution vanishes. 
The same conclusions were obtained for different materials stating that an increase in 
higher viscous behaviour could lead to higher energy dissipation [82]. It can be noticed that 
the presence of TPEE in the PBT composite led to an increase in the hysteresis loss by about 
8%, an indication of higher viscous behaviour as a result of blending PBT-GF10 with TPEE. 
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An increase in energy dissipation was as well referred to low interfacial bonding between 
polymers’ constituents for materials without glass fibres [83] and the damage induced in 
repetitive cycles was related to a distribution of fibres in a matrix [45]. The results obtained 
in this section clearly revealed a correlation between the measure of plastic strain and 
dissipated energy, whereas, higher plasticity in the TPEE material and its apparently higher 
viscous behaviour led to higher energy dissipation.  
5.2.2 Cyclic loading at 2400 N 
To confirm the results from the previous section at a higher stress level, at which higher 
deformation occurs, the same cyclic tests were performed for a load value of 2400 N. The 
stress-strain curves of the cyclic tests are presented in Figure 5-5.  
 
Figure 5-5 Cyclic loading of PBT composites at 2400 N: (a) PBT-GF10; (b) PBT-GF10 TPEE 
It was observed that at higher loads, the plastic deformation became more evident and 
the elongation was obviously larger. Still, the same qualitative behaviour and results similar 
to those obtained at 2100 N were obtained in this experiment. The residual plastic strain 
was higher in all the cycles for the TPEE composite. As higher stress required more 
irreversible work, more energy dissipation per cycle was observed in both composites. 
Similar to the measurements performed at 2100 N, the energy dissipated per cycle for PBT-
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GF10 TPEE was greater than that for PBT-GF10 and the energy dissipated in the pure form 
of viscous behaviour was higher for the TPEE composite.  
Due to their viscoelastic properties, it was observed in the previous chapter that these 
materials exhibited time-dependent behaviour. To have a better overview of their 
behaviour at different stress levels for different strain rates and establish a relation 
between the energy dissipated and the damage induced, incremental loading tests were 
performed. These experiments provided information about plasticity and hysteresis in the 
linear and nonlinear ranges at different strain rates.  
5.3 Incremental loading mechanical tests 
5.3.1 Energy and Plasticity in incremental loading tests 
 The hysteresis loops were studied for progressive loading increments of 300 N till fracture 
at different loading rates using the INSTRON 3366 tensile machine equipped with a 10 kN 
load cell. All tests were performed using an INSTRON contact type extensometer with a 10 
mm gauge length. Stress-strain curves for the incremental tests demonstrating all loops for 
materials PBT-GF10 and PBT-GF10 TPEE are presented in Figure 5-6. 
Figure 5-6 Quasi-static incremental loading stress-strain curves performed at crosshead speed of 2 
mm/min (strain rate 0.003 s-1): (a) PBT-GF10; (b) PBT-GF10 TPEE 
The uniaxial tensile tests with different loading increments were performed for both 
materials at loading rates of 1, 2, 8 and 32 mm/min (strain rates of 0.0015, 0.003, 0.01, 
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0.05 s-1). Higher strain rates were excluded due to potential error caused by the acquisition 
at high strain rates, which may cause calculation error of the area between loading and 
unloading curves.  
The diagrams show a clear difference in behaviour between the two studied materials. 
The areas between the loading and unloading portions confirm the previous conclusions 
drawn for cyclic loadings. The TPEE composite reveals higher energy dissipation and more 
plastic strain after each cycle. The values of the residual strain after each cycle are listed in 
Table 5-2. 
Table 5-2 Values of plastic strain after each cycle for quasi-static incremental loading stress-strain 
curves performed at crosshead speed of 2 mm/min (strain rate 0.003 s-1) 
   
Cycle Load [N] 
Cycle range 
Residual strain / cycle 
[%] *10-3 
 PBT-GF10 PBT/TPEE PBT-GF10 PBT/TPEE 
1 0 – 300 5 7 
2 0 – 600 18 21 
3 0 – 900 32 38 
4 0 – 1200 52 60 
5 0 – 1500 77 89 
6 0 – 1800 107 124 
7 0 – 2100 144 170 
8 0 – 2400 193 240 
9 0 – 2700 275 363 
10 0 – 3000 - - 
     
When comparing the values of residual strain in both materials after each cycle, it could 
be noticed that the yielding process for both materials started at very low stress levels. At 
300 N, a small, but measurable plastic strain was observed for both materials, with the 
TPEE composite having higher plasticity. With increasing stress, the residual strain after 
each cycle grew, with PBT-GF10 TPEE showing higher plastic deformation and damage after 
each cycle. The increased stress level resulted in a higher difference in extent of plasticity 
between the two materials, with the TPEE composite exposing an obviously higher increase 
in the plastic deformation rate-increment than that of PBT-GF10. Apparently, the fibre-
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matrix interfacial adhesion between the components was weaker in this material or the 
deformation process affected their bonds, causing the higher plasticity levels. The weak 
interfacial fibre-matrix bonding and pull-outs of fibres during loading constrains the ability 
of fibres to provide stiffness and strength and may cause damage and plastic deformation. 
This is a clear indication that this composite undergoes more damage during loading when 
subjected to the same level of stress as the PBT-GF10 material. Plasticity and damage 
studies in semi-crystalline polymers also confirmed that the main damage mechanism in 
semi crystalline polymers can be linked to a week interfacial fibre-matrix bonding [116] or 
fracture of fibres [90], [91], [116] as well as formation of cavities and crazes during 
deformation, even at low strains [72]. 
 
Figure 5-7 Comparison of residual plastic strain after each cycle in incremental loading performed 
at 2 mm/min (strain rate 0.003 s-1): for PBT-GF10 and PBT-GF10 TPEE 
In order to analyse the energy levels, in this section, the strain-rate sensitivity of energy 
dissipation for both materials is presented. As mentioned, the quantitative analysis was 
implemented for both materials for the uniaxial tensile testing with different loading 
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increments at strain rates of 0.0015, 0.003, 0.01, 0.05 s-1. (Figure 5-8). This allowed the 
evaluation of the energy dissipated before and after yielding of the material at different 
stress levels and strain rates.  
 
Figure 5-8 Amount of dissipated energy per cycle for progressive increasing increments of 300 N: a) 
1 mm/min (0.0015 s-1); b) 2 mm/min (0.003 s-1); c) 8 mm/min (0.01 s-1); d) 32 mm/min (0.05 s-1) 
Three major observations could be derived: 
(i) The increase in the load amplitude resulted in an accelerated growth of energy, 
dissipated in each cycle. 
(ii) The hysteresis loss for the PBT-GF10 TPEE material was higher in each individual cycle 
than that of PBT-GF10 at all strain rates. 
(iii) The energy dissipation decreased with increasing strain rate, demonstrating the 
time-dependent viscoelastic behaviour of both materials. The response of viscoelastic 
materials to external load at higher strain rates was constrained, and, thus, less energy was 
dissipated with the increasing strain rates. 
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5.3.2 Damage in PBT composites  
All results obtained at this stage of the study including monotonous and cyclic testing 
indicated that more damage and plastic deformation took place in the TPEE composite. To 
assess the rate sensitivity of damage in terms of its initiation and growth and to evaluate 
the effect of TPEE on damage behaviour, the damage analysis was conducted based on the 
obtained experimental results. Damage can be related to the degradation of the tensile 
modulus using the ideas of continuum damage mechanics. Detrez et al. [72] and Fitoussi 
et al. [59] investigated plasticity and damage in semi-crystalline polymers successfully using 
the same method. The damage induced was calculated for each individual cycle for both 
quasi-static and dynamic loading regimes and plotted as function of strain to analyse the 
damage evolution for the whole experiment. The damage variable (𝐷) is thus expressed: 
𝐷 = 1 −
𝐸𝐷
𝐸0
,    (5.2) 
where 𝐸0 is the modulus of the material without damage and 𝐸𝐷  is the residual modulus 
of the damaged material estimated from the slope of the unloading curves. To get a clear 
idea of the degradation in stiffness occurring with increasing stress levels, the 
instantaneous modulus of all unloading curves is plotted as function of strain in Figure 5-9. 
The averages of the instantaneous moduli (red curves) of all uloading curves demonstare 
clearly a degradation in stifness with each consecutive cycle. Moreover, it could be 
observed that the loss in stiffness increased with increasing load, indicating the level of 
damage in the material. The distance along the y-axis between the red curves, 
demostrating the average stifness value of each unloading curve, varies between the 
consecutive unlaoding curves. For instance, the decrease in stifness between the 7th and 
the 8th cycle was greater than that observed between the 5th and 6th unloadng curves. This 
agree completely with the higher damage and plasticity happening at higher stress levels. 
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Figure 5-9 Instantaneous modulus for unloading curves showing clear degradation in stiffness as 
result of damage accumulation for PBT-GF10  
5.3.3 Strain-rate effect on damage  
The level of damage was calculated from incremental loading stress-strain curves 
obtained for two strain-rates including the lowest and highest strain-rate involved in this 
experiment: 0.0015 s−1 and 0.05 s−1, representing quasi-static and dynamic conditions. The 
evolution of the damage was estimated and plotted as function of strain values measured 
at the end of each unloading increment for both materials and strain rates (Figure 5-10 and 
Figure 5-11).  
It can be observed that the experimental results demonstrate a delay in damage 
initiation with increasing strain rate for PBT-GF10 and PBT-GF10 TPEE. Moreover, for PBT-
GF10 and PBT-GF10 TPEE the first measurable damage appears at strain between 0.2% and 
0.3% for quasi-static loading. However, under dynamic conditions the first measurable 
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damage appears at strain of 0.75% and 0.49% for PBT-GF10 and PBT-GF10 TPEE, 
respectively. 
 
Figure 5-10 Macroscopic damage parameter for both quasi-static and dynamic cases for 
composite PBT-GF10 
It can be thus concluded that the stiffness reduction in these composites is rate-
dependent. Moreover, the damage level reached for PBT-GF10 TPEE was higher than that 
observed for PBT-GF10 for both strain rates, reaching a max of 0.24 for PBT-GF10 TPEE in 
quasi-static loading and 0.23 in dynamic one whereas the respective values for PBT-GF10 
were only 0.2 and 0.17. To conclude, the damage for PBT-GF10 TPEE occurred at lower 
strain values compared to that for PBT-GF10. A higher damage level was observed in each 
cycle for the TPEE composite, showing that this material underwent damage at low stress 
levels.  
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Figure 5-11 Macroscopic damage parameter for both quasi-static and dynamic cases for 
composite PBT-GF10 TPEE 
Similar results were observed by Fitoussi et al. [59] who studied the effect of strain rate 
on damage for fibre-reinforced-polymer composites. They noticed a delay in damage 
initiation at higher strain rates and related it to variation in behaviour at such rates 
affecting fibre-matrix interfacial failure, in addition to interfacial damage happening as a 
result of varying fibre orientation in the matrix. Moreover, as observed in other studies of 
SGFR polymers, their load-transmission capacity, a parameter linked to the adhesion 
between glass fibres and the matrix, was much strongly related to induced damage [84], 
[92], [93]. For this reason, the damage observed in both materials and the variation in their 
behaviour should depend significantly on adhesion between the microconstituents. 
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5.4 Dynamic mechanical analysis  
5.4.1 Overview 
Dynamic mechanical analysis (DMA) is an experimental technique based on application 
of an oscillating force to a specimen and measuring the material’s response to this force.  
Generally, to define the basic mechanical properties of a polymer in quasi-static 
conditions, the moduli of elasticity, modulus of elasticity, modulus of rigidity and bulk 
modulus are usually used. In dynamic measurements, where more complex types of 
loadings such as cyclic loading at higher frequencies are employed, complex moduli are 
needed to describe the material properties. The complex elastic modulus is expressed as 
[136] 
𝐸∗ = 𝐸′ + 𝑖𝐸′′,        (5.3) 
where 𝐸′ is the storage modulus, representing the stored elastic potential energy of the 
material, and 𝐸′′ is the loss modulus; it is stands for the measure of energy dissipated 
through heat. 
When a sample is subjected to a constant sinusoidal oscillating stress, its deformation 
has a sinusoidal response. The results obtained from this procedure can be reproducible if 
the load is kept within the material’s viscoelastic region. For the applied stress, the 
following relation is valid: 
𝜎 = 𝜎0sin (𝜔𝑡 + 𝛿),     (5.4) 
where 𝜎 is the stress at time 𝑡, 𝜎0 is the maximum stress and 𝜔 is the frequency of 
oscillation. The obtained shape of the strain-wave response has a linear response and 
depends on the material’s viscous and elastic behaviours. The strain at any point can be 
written as [6] 
𝜀 = 𝜀0sin (𝜔𝑡).      (5.5) 
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If a material is perfectly elastic, the strain response to the applied stress is an in-phase 
one, while for a pure viscous material the response is described as out-of-phase. 
Viscoelastic materials deliver responses between these two categories, and the difference 
between the applied stress and the outcoming strain response is an angle 𝜎 as shown in 
Figure 5-12. 
 
Figure 5-12 Phase difference between stress and strain 
The elastic response can be written as  
𝜎 = 𝜎0 cos(𝛿)𝑠𝑖𝑛(𝜔𝑡) + 𝜎0sin(𝛿)cos(𝜔𝑡)   (5.6) 
and when this equation is modified, the following relations can be obtained: 
𝐸′ =
𝜎0
𝜀0
 cos (σ)  and  𝐸′′ =
σ0
ɛ0
sin(δ)    (5.7) 
where the ratio of loss modulus (𝐸′′), which is the energy loss in internal motion, to storage 
modulus (𝐸′), representing the elastic response of the materials, is described as the 
damping coefficient tan 𝛿 =  
𝐸′′
𝐸′
=  
sin (𝛿)
cos (𝛿)
,             (5.8) 
which is an alternative measure of energy dissipation [4]. 
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Tan δ quantifies the way in which a material absorbs and disperses energy. It expresses the 
out-of-phase time relationship between an applied force and the resultant force that is 
transmitted to the tested sample. Materials with the greatest phase shifts (around 90 
degrees) possess the highest tan δ values. Such materials demonstrate the greatest 
capability to dissipate energy in form of heat. The tan delta is also known as the Loss Factor 
due to the process of losing energy from the impact force. Therefore, tan δ is therefore an 
indication of the effectiveness of a material’s damping capabilities. The greater the tan 
delta, the greater the damping coefficient, the more efficient the material will absorb and 
dissipate energy. 
5.4.2 DMA - Experimental setup  
The DMA tests were performed on a special machine able to export all measured data 
such as loss modulus, storage modulus and damping coefficient in the output files. The test 
was performed employing a in 3-point-bending clamping system at Loughborough 
University using a Mettler Toledo DMA machine (Figure 5-13).  
 
Figure 5-13 DMA setup: (a) Mettler Toledo DMA machine; (b) 3-point-bending clamping setup 
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Frequency sweeps were performed at 23°C for both materials for a frequency range 
between 0 Hz and 100 Hz to simulate an increase in strain rate on the materials and study 
the damping and energy-dissipation behaviours in the elastic range. 
5.4.3 Complex viscosity of SGFR PBT composites 
Rheological testing of thermoplastic materials can be performed on both solid samples 
and melts. Obviously, product-performance issues are usually related to properties of solid 
samples [36]. Rheological properties of the studied materials were investigated in the 
region of linear viscoelasticity. The viscosity of solid samples as a function of angular 
frequency at room temperature was obtained from DMA experiments and presented in 
Figure 5-14. 
 
Figure 5-14 Effect of frequency on complex viscosity for PBT composites with and without TPEE at 
23°C 
It could be observed that both PBT composites showed Newtonian behaviour in the 
frequency dependence within the investigated range of strain rates. As can be seen, the 
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TPEE composite had a higher viscosity at room temperature than PBT-GF10. It was 
reported [76] that glass fibres could affect the level of viscosity of composite materials by 
hindering the movement of a matrix skeleton and chain segments. As the dimensions and 
volume fractions of glass fibres are similar in both materials, the increased value of 
complex viscosity could be attributed only to the addition of TPEE and not to any effect of 
volume of glass fibres. PBT-GF10 TPEE had a higher viscosity over the whole frequency 
range. At lower frequencies, the value of viscosity of PBT-GF10 TPEE was 90% larger than 
that of the reference material. With increasing frequency, these values converged, and the 
difference decreased to 15% at the end of the used frequency range. Materials with higher 
viscosity can dissipate more energy as heat due to friction. This agrees with results of 
energy dissipation analysis performed in the previous section. Studies stated [78], [82] that 
the material flow during deformation in viscoelastic materials affected significantly the 
energy dissipation potential as well as the damage and deformation behaviours of a 
material. The analysis of the storage and loss moduli (in addition to the resultant tan δ) can 
manifest these effects. 
5.4.4 Storage modulus of PBT composites 
The storage modulus represents the material’s ability to store deformation energy in an 
elastic manner. The variation of the storage modulus 𝐸′ for PBT-GF10 TPEE and PBT-GF10 
is depicted in Figure 5-15.  
It is apparent that the magnitude of the storage modulus 𝐸′ for both materials increased 
with increasing frequency; the trends for both materials were generally similar. The 
difference in the value of the modulus between them could be attributed to the 
incorporation of TPEE, as reported by some researchers [16]. Apparently, there was an 
acceleration of increase of storage modulus for PBT-GF10 after 50 Hz (short relaxation 
times), whereas, for the TPEE material, a high increase in the value of 𝐸′ was noticed 
between 0.1 Hz and 1 Hz (long relaxation times). 
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Figure 5-15 Storage modulus of PBT-GF10 and PBT-GF10 TPEE as function of frequency 
This could be referred to a change in viscous behaviour of the material in this range of 
frequency, which, in turn, could affect bonding forces between the fibres and the matrix, 
leading to a change in the elastic-modulus values. Basically, increasing the frequency 
means a decrease in the time scale of the stress input. In this case, the specimen has less 
time to relax, with its response becoming more elastic, as can be observed in the 
monotonic increase of 𝐸′. Similar results showing increase in 𝐸′ with increasing frequency 
were obtained for virgin TPEE sample [27], virgin PBT samples [66] and SGFR PBT [75] in 
addition to results of tests performed on different polymers [67]–[70], relating the 
observations to the effect of increasing frequency on shear thinning behaviour and 
viscosity. 
5.4.5 Loss modulus of PBT composites 
The loss modulus 𝐸′′ of the studied composites demonstrated a different trend: both 
materials showed decreasing levels of 𝐸′′ as frequency increased. The loss modulus 𝐸′′ 
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characterises the viscous behaviour of the material and its ability to dissipate stress 
through heat, signifying a correlation of the stress to dissipated energy. The effect of TPEE 
on energy-dissipation ability of PBT composites can be clearly observed in Figure 5-16. A 
significant increase in 𝐸′′ could be noticed in a low-frequency range. This is where the 
material’s viscosity is at its highest. At 0.1 Hz, a 100 % increase in the 𝐸′′ value due to TPEE 
addition was found: from 150 MPa to approximately 300 MPa. The value of 𝐸′′ for PBT-
GF10 exhibited a maximum in the low-frequency range. 
 
Figure 5-16 Loss modulus of PBT-GF10 and PBT-GF10 TPEE as function of frequency 
This value decreased with frequency increasing between 0.1 Hz and 5 Hz, and slightly 
declined to a minimum at 50 Hz before displaying an increase. On the other hand, the 𝐸′′ 
value of the TPEE material had a maximum value of 300 MPa at 0.1 Hz, which decreased 
gradually with increasing frequency. In a higher-frequency range - between 50 Hz and 100 
Hz - the value reached a plateau of around 135 MPa. The two curves show a convergent 
trend at the end of the employed frequency range, demonstrating that TPEE had a 
significant effect on energy dissipation, especially for frequencies below 60 Hz. The trends 
50
100
150
200
250
300
0.10 1.00 10.00 100.00
Lo
ss
 m
o
d
u
lu
s,
 E
'' 
[M
P
a]
Frequency [Hz]
PBT-GF10 TPEE
PBT-GF10
Chapter 5 Effect of TPEE on Deformation and Damping Behaviours 
114 
 
for 𝐸′′ for both materials agreed with those observed for 𝐸′ and the variation of viscosity 
as function of angular frequency. In general, as the elastic contribution 𝐸′ of a specific 
material increases, the system becomes less viscous (Figure 5-14). With decreasing 
viscosity less energy could be dissipated, i.e. 𝐸′′ decreases with increasing frequency. The 
movement of molecular chains is restricted, and the interfacial dissipation behaviour 
decreases. 
In some studies [27], [66], it was reported that the loss modulus increased with 
increasing frequency. In a study performed for materials PA6, PB and PCL [72], this was 
linked to damage in the material causing higher energy dissipation with increasing 
frequency. Other experiments performed for SGFR PBT [76] and long-fibre reinforced PBT 
blended with TPU (elastomer family of TPEE) at high temperatures showed an increase in 
the loss modulus caused by an increase in viscous flow thanks to such temperature.  
However, DMA tests in other studies [73], performed on unreinforced semi-crystalline 
thermoplastic polymers, showed a decrease in the loss modulus with increasing frequency. 
These observations confirm the results obtained in the analysis of energy dissipation 
which decreased with the increasing strain rate, demonstrating the strain-rate-dependent 
viscoelastic behaviour of both materials and confirming the increase in energy dissipation 
due to TPEE incorporation in the composite, with 𝐸′′ being greater for PBT-GF10 TPEE. 
5.4.6 Tan δ of PBT composites 
Tan delta represents the ratio of a viscous response to an elastic one of a viscoelastic 
material. In other words, tan 𝛿 stands for the energy dissipation and indicates the 
effectiveness of a material’s damping capability. It expresses the out-of-phase time 
relationship between an applied force and a transmitted resultant force. 
Evolution of the values of tan δ with frequency for the studied SGFR composites is 
presented in Figure 5-17. It can be noticed that the tan 𝛿 values for PBT-GF10 TPEE - 
compared to those of PBT-GF10 - were higher in the entire frequency range. The difference 
in tan 𝛿 values observed for PBT composites indicates different amounts of energy 
Chapter 5 Effect of TPEE on Deformation and Damping Behaviours 
115 
 
absorbed by each material. Generally, when a composite is subjected to external stress, 
the energy can be dissipated by friction at fibre-fibre, polymer-polymer and fibre-polymer 
interfaces. 
At frequencies below 1 Hz, the tan 𝛿 value of the TPEE composite was 2.2-2.9 times 
higher than that of PBT-GF10. With increasing frequency tan 𝛿 decreased rapidly to reach 
a plateau between 50 Hz and 100 Hz. On the other hand, the tan δ value for PBT-GF10 
decreased at low frequency and had an almost consistent slight decrease at frequency 
increasing between 0.5 Hz and 50 Hz, where a minimum was observed followed by a slight 
increase between 60 Hz and 90 Hz. 
 
Figure 5-17 Variation of tan delta of PBT-GF10 and PBT-GF10 TPEE with frequency 
The higher tan 𝛿 value for the PBT-GF10 TPEE material could be related to higher energy 
absorbed by viscous flow of the rubber matrix (TPEE) and interfacial damping between the 
PBT and rubber as well as the energy dissipated by micro-movements of glass fibres due to 
the difference in structural behaviour of the matrix. With increasing frequency, the ability 
of polymer-chain movements is restricted, which explains the decrease in the loss modulus 
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of both materials. The performed DMA analysis showed the effect of TPEE on rheological 
behaviour of SFR PBT composites, with an increase in viscosity value observed for the TPEE 
material, in addition to an increase in the loss modulus  𝐸′′. This means that more energy 
can be dissipated through heat. These observed effects led to enhancement of TPEE 
material’s damping capability represented by tan 𝛿. 
It should be noted that the effects of glass fibres and the interfacial adhesion play a 
significant role in the dynamic and damping behaviours of thermoplastics. As the flow and 
movement of the material depends on the viscosity and its restriction, length and volume 
of glass fibres in addition to interaction between them lead to variation in results. This was 
reported in various studies investigating the effect of glass fibres and fibre bonding on 
dynamic behaviour of polymers [66], [76], [79]. 
5.5 Thermography 
The above experimental work showed that the energy dissipation for PBT-GF10 TPEE 
was greater than that of PBT-GF10. Obviously, the generated heat was due to plastic 
deformation and viscous flow happening in the materials. In this section, thermography is 
applied in an attempt to analyse the generated heat as well as to localize and track its 
evolution. 
The plastic deformation (based on the results above) was accompanied with a 
measurable amount of heat and energy. With accurate measurement system, the 
difference in heat generated by the two composites should be quantifiable. However, as 
heat was generated mainly during deformation of the specimen, the application of an 
infrared thermo-camera helps to visualize the heat generated on the surface of the sample 
and that transferred from the core of the specimen to its outer regions (surface). 
This technique can expose the heat generation and dissipation of energy as heat in a 
specimen. When the sample is loaded, heat, due to plastic deformation and viscous 
behaviour, will be generated. By using a thermo-camera, samples of both materials can be 
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compared based on their heat generation at equal stress levels. The heat levels can be 
evaluated using the thermo-scale where areas with higher heat can be identified. 
The experiment was performed using a thermo-camera of type TIM400 at Loughborough 
University. The measurements were implemented during tensile tests for a load of 2000 N 
at a crosshead velocity of 8 mm/min using an Instron 5940 tensile machine. At low strain-
rates more energy was generated making it possible to trace. The fact that polymers are 
poor heat transmitters makes the measurement even more complicated. The software 
used was MPS 5.14.08 from Thermosensorik GmbH. The comparison was done at load 
levels of 0 N, 1300 N and 2000 N. The results of the IR recording are presented in Figure 
5-18.  
In the thermograms, the brighter colours (red, orange, and yellow) indicate higher 
temperatures (more heat and infrared radiation emitted), while the green, blue and dark 
blue/black indicate lower temperatures (less heat and infrared radiation emitted). 
When comparing the variation in temperatures for both materials recorded at different 
states of the experiment, it can be observed that at the relaxed state there was no change 
in temperature on the surface. The observed colour represents the room temperature at 
which the sample was stored and tested. The samples were left to rest for 30 minutes to 
exclude any effect of temperature transfer during the clamping process of the specimen 
on the tensile machine (Figure 5-18; (a, d)). 
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Figure 5-18 Thermography during deformation process of PBT composites: (a) PBT-GF10 at 0 N; (b) 
PBT-GF10 at 1300 N; (c) PBT-GF10 at 2000 N; (d) PBT-GF10 TPEE at 0 N;     (e) PBT-GF10 TPEE at 
1800 N; (f) PBT-GF10 TPEE at 2000 N 
At 1300N load, an increase in surface temperature was apparent in both samples. No 
clear evidence of higher heat generation was found at this stress level (Figure 5-18; (b, e)). 
However, at a certain position in material PBT-GF10 TPEE, an increase in temperature could 
be observed (Figure 5-18; (e)). 
As the load increased, the heat recorded on the surface rose for both materials, with the 
darker colour indicating higher temperatures. Patterns of localised heat can be seen on the 
surfaces (Figure 5-18; (c, f)) with arrows pointing to local heat generation. These patterns 
developed into strips-like diagonal shapes distributed over the samples’ surfaces in both 
materials. The heat generated at this load was higher (arrow 3) for TPEE composite, with 
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the patterns visually better recognizable. Apparently, plastic zones formed in the sample 
as a result of coalescence of local plastic spots. For instance, in Figure 5-18; (f: arrow 3), a 
plastic zone with high heat generated seems to develop into a crack zone. Such cracks can 
cause catastrophic failure of the sample at the increased load. 
From this experiment, it is hard to compare the magnitude of the generated heat, but 
the thermographs gave an idea about development of the plastic deformation in these 
composites and its appearance in the specimen. Apparently, this may be due to pull-out of 
glass fibres and plastic deformation of the matrix as noticed from the heat generated at 
local points. These results could be confirmed in the subsequent following morphological 
analysis. 
5.6 Summary and conclusion 
In order to study the viscous and damping behaviour in terms of energy dissipation of 
the PBT composites, and determine the effect of TPEE on SGFR PBT, several experimental 
techniques were employed.  
Tensile cyclic loading performed for two loads at constant stress demonstrated the 
energy dissipation. The residual plastic strain measured in the first cycle was the highest 
for both materials with the TPEE composite having higher energy dissipation in all cycles 
and more plastic deformation. Further cyclic testing with increasing loading increments 
confirmed the obtained results and showed that the TPEE composite dissipated more 
energy due to its higher plasticity at both low and high stresses and strains. 
The incremental loading tests were performed at different strain rates to elucidate their 
effect on energy-dissipation activity of the materials. With increasing load, the dissipated 
energy grew; this fact can be explained by higher deformation and internal movement of 
the material. With increasing strain rate, the dissipated energy decreased, demonstrating 
the time-dependent viscoelastic behaviour of both materials. In all cases, the TPEE 
composite, exhibited a higher hysteresis loss showing that even at higher strain rates, it 
can effectively dissipate more energy. 
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The reduction in stiffness observed in the unloading curves of the incremental loading 
tests was used to evaluate the damage induced with each cycle. The obtained results were 
compliant with those for cyclic testing, with more damage occurring in PBT-GF10 TPEE. 
However, at higher strain-rates there was a delay in damage initiation due to the 
viscoelastic properties of these polymers.  
To separate the elastic response from the viscous one in both materials and evaluate the 
damping behaviour in a viscoelastic range, DMA experiments were performed and showed 
an increase in viscosity as a result of TPEE incorporation. Moreover, an increase in the loss 
modulus 𝐸′′demonstrated that that more energy could be dissipated through heat, 
confirming the results obtained in the incremental loading tests. These effects - in addition 
to the increase in the tan δ value - indicates enhancement of TPEE material’s damping 
capability.  
Thermographs obtained using the infrared thermo camera showed that plastic zones in 
the materials might originate at points of localised plastic flow, which can accumulate with 
increasing load. 
To conclude, PBT-GF10 TPEE showed a higher viscous behaviour than PBT-GF10. This 
behaviour resulted in higher energy dissipation during deformation, clearly observed in 
tests with cyclic and incremental loading. Higher plasticity could be also related to higher 
viscous flow of the material, affected by the addition of the rubbery material TPEE. As an 
advantage, there was a significant enhancement in the damping capability of this material. 
However, higher plasticity observed at the macroscopic scale should be additionally 
investigated on the microscopic scale to get a clear understanding of deformation 
behaviour and its effect on mechanical performance. 
The analysis in the following chapters is focused on morphology of fracture surfaces of 
failed samples and the cause of higher energy dissipation levels in PBT-GF10 TPEE as well 
as the effect of TPEE on microstructure. 
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6. Microstructural Analysis  
 
6.1 Introduction and overview 
Whenever a crack propagates through a material it produces a fracture morphology that 
shows the local modes of a failure. Fractographic examinations can be used as a tool to 
gain microscopic understanding of fracture behaviour in engineering materials. It is 
accepted as a tool to get better insight of fractographic related terms [137], [138]. For 
example, a careful investigation of fracture surface for an engineering material can provide 
significant insight into the micro mechanisms of the fracture process. This process includes 
crack initiation, crack propagation, fracture mechanisms and other relevant surface 
morphological characteristics. This analysis contributes to the development and 
improvement of engineering materials by systematic modification of a material’s 
microstructure and composition. In addition, important qualitative and quantitative 
information regarding the mechanics and kinetics of the fracture process can be obtained, 
which can be used in the failure analysis of engineering materials.  
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In order to study the mechanical properties of polymers, two main aims should be 
considered. First, to gain accurate and reliable macroscopic description of the material by 
experimental testing and measurements. Second, it is important to explain these 
experimental responses microscopically to obtain an understanding of the cause of these 
behaviours [139].  
In this chapter, the macroscopic observations and experimental work performed in the 
prior chapters will be linked to observations obtained by analysis of fracture surfaces 
performed at the microscopic level. As previously observed, there were differences in 
behaviour between PBT-GF10 and PBT-GF10 TPEE with respect to tensile properties, strain-
rate sensitivity, fracture behaviour, energy dissipation, plasticity, and damage. The effect 
of TPEE on SGFR PBT composites was decrease in strength and stiffness and increase in 
energy dissipation and damping behaviour. DMA showed that the viscoelastic nature of 
the composites, demonstrated by the time-dependent behaviour (or strain-rate 
dependency), was more evident in the TPEE composite. Morphological investigation and 
SEM analysis of fracture surfaces in the following chapters will give an insight of 
microstructural differences between the two composites and determine the causes of 
variation in mechanical properties and performance.    
The fracture surfaces obtained from the tensile tested samples at different loading rates 
were investigated. The characteristics of the surfaces of both materials were compared 
and the effect of TPEE on the morphological appearance and microstructural behaviour 
were analysed. With help of SEM and image processing, the ductile areas were 
quantitatively and qualitatively analysed. This helped to emphasize the effect of TPEE on 
the matrix microstructure and its influence on the mechanical and dynamic performance 
observed previously. Furthermore, a comparison of orientation and distribution of glass 
fibres in both composites was undertaken to exclude any interference on the obtained 
results. 
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6.2 Determination of fracture mode - SEM observations  
6.2.1 Experimental procedure and methodology  
The performed microscopic analysis was carried out using two different scanning 
electron microscopes (SEM). 
 
Figure 6-1 (a) Phenom XL scanning microscope; (b) sample preparation 
SEM Microscope (1): Investigations were performed at the lab of Lear Corporation 
GmbH in Remscheid, Germany, using a Phenom XL scanning electron microscope (SEM) 
with 5kV-15 kV accelerating voltage, adjustable range between 4.8 kV and 20.5 kV (Figure 
6-1). The microscope is equipped with three vacuum modes; high, medium and low 
vacuum mode with the latter vital for charge reduction making it suitable for polymer 
analysis. 
In fact, the usual preparation techniques applied to inorganic samples cannot be applied 
for organic substances such as polymers. The preparation of ultra-thin specimens from bulk 
polymers is often difficult. Moreover, polymers are particularly sensitive to electron beam 
irradiation. The main problem is that the contrast between structural details is often very 
low because polymers usually consist of the same light elements (C, H, O and others) that 
interact only weakly with the electron beam [140]. Charged up specimens can deliver noisy 
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and low-quality SEM images. To solve this problem and prevent the specimen from 
charging up, the low vacuum (charge reduction) mode was activated. This mode showed 
best results with respect to image noise reduction and micrograph quality. 
SEM Microscope (2): Investigations were performed at the lab of material science at 
Loughborough University, England, using a JSM-7500F scanning electron microscope with 
5kV-15kV accelerating voltage. While using this microscope, specimens were sputter-
coated with a 10 -15 nm thick layer of gold-palladium to provide an efficient charge 
transfer. Different vacuum modes could be used for coated specimens. This can even 
deliver better resolution and image quality. 
 
Figure 6-2 (a) JSM-7500F scanning electron microscope; (b) Gold-palladium-coated samples 
preparation 
The samples for the SEM investigation are obtained from standard tensile tested 
specimens tested at different crosshead travel speeds of 2, 20, 200 and 400 mm/min 
(corresponding to strain rates of 0.003, 0.03, 0.3, 0.6 s-1) for both materials.  
6.2.2 Ductile-brittle fracture analysis  
In fracture and damage mechanics, the formation of plastic and damage zones, which 
depend on the material’s microstructure, is considered a central topic. The experimental 
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evaluation of the shape and sizes of these plastic zones is an essential method to clarify the 
fracture mechanisms and understand the causes of mechanical behaviour and energy 
dissipation during fracture [141]. 
As mentioned, the SEM analysis was performed for fracture surfaces obtained from 
tensile-tested samples of both materials with different applied loading rates. It was 
observed that fracture surfaces of both material composites were divided into two main 
zones (Figure 6-3). This fact was observed for PBT-GF10 as well as PBT-GF10 TPEE at all 
loading rates. 
 
Figure 6-3 Ductile area surrounded by red line on fracture surface of specimens tensile tested 
loading rate 2 mm/min: (a) PBT-GF10; (b) PBT-GF10 TPEE 
ZONE A: 
Zone A of the tested specimens demonstrated considerable fibre pull-outs but a 
relatively smooth surface pattern of the matrix, as seen in Figure 6-3; (a, b). From the 
reviewed literature, this could be described as a clear manifestation of a brittle failure 
mode of the matrix. Generally, brittle failure surfaces show faceted cleavage planes, while 
ductile fracture surfaces display a dimpled appearance [92], [121]. Zone B on the 
micrographs demonstrate the ductile areas and will be discussed shortly. 
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When comparing the brittle areas of both materials, it was observed that the brittle area 
of PBT-GF10 showed a smoother and more planar texture than the brittle zone observed 
for PBT-GF10 TPEE (Figure 6-4). The brittle area structure in PBT-GF10 is similar to the 
results reported by Shaaf et al. who describe the brittle zones as zones of unstable crack 
propagation in polybutylene terephthalate reinforced with 30% wt. glass-fibres [120].  
 
Figure 6-4 Structure of brittle area observed on fracture surface of PBT composites on samples 
tensile-tested at 2 mm/min; (a) PBT-GF10; (b) PBT-GF10 TPEE (scale) 
Moreover, in addition to the smoother surface in the brittle area, material PBT-GF10 
demonstrated a failure mode with sharp edges (Figure 6-4; (a: red arrows)) and patterned 
forms (Figure 6-4; (a: encircled in green)), similar to that reported by other authors who 
stated that brittle areas are identified by smooth surfaces and sharp ridges [11], [113]. On 
the other hand, the brittle area in PBT-GF10 TPEE showed, similarly, planar surfaces, 
however, accompanied with microductile appearance. The arrows in Figure 6-4; (b) show 
indications of micro-ductility (material stretching) on the brittle surface of PBT-GF10 TPEE. 
This difference could be related to the effect of the rubbery phase of TPEE on PBT. This 
is mainly caused by a higher viscous flow of the TPEE composite in addition to micro-
inclusions that may form during loading, caused by rubber particles. This behaviour can be 
linked to formation of crazes which was observed in thermoplastic materials blended with 
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rubbers [51], [111]. The ridges and patterns can still be observed on the TPEE fracture 
surface but clearly with less sharped edges as observed in standard PBT-GF10. This micro-
deformation in the TPEE composite in the brittle area can explain the higher levels of plastic 
strain measured in mechanical testing. In addition to this, the viscoelastic effect is obvious 
in material PBT-GF10 TPEE (Figure 6-4; (b)) especially around glass-fibres, revealing 
initiation of debonding process. It was reported in the literature [92], [120] that gaps and 
voids can form at fibre-matrix interface resulting in debonding even in high-quality bonded 
composites. This viscous behaviour can only occur during the yielding process; hence, at 
lower stress levels where the material has enough time to deform. The formation of brittle 
areas is an extremely quick process - known also as catastrophic failure - and viscoelastic 
responses can be very limited.  
The micrographs of brittle areas of both materials at different loading rates showed that 
PBT-GF10 demonstrated no significant difference in shape or texture of the brittle area in 
examined micrographs obtained at 2 and 400 mm/min (Figure 6-5; (a, b)). On the other 
hand, PBT-GF10 TPEE revealed more deformation, rougher and more textured surfaces 
under dynamic conditions than (high loading rate at 400 mm/min those generated under 
quasi-static conditions (2 mm/min), (Figure 6-5; (c, d)). This gives another indication of a 
rate-dependent morphology characterization in this composite showing that higher 
deformation may be happening at early stages of the applied loading causing the brittle 
fracture surface to obtain different structure.  
The rougher structure surface observed at higher loading rates in PBT-GF10 TPEE was 
reported in studies performed on different composite materials. This phenomenon was 
related to increased fracture toughness of a matrix under dynamic loading [142]. This 
demonstrates a first indication of a different behaviour occurring at higher loading rates. 
Moreover, this fact agrees with the literature about increased fracture toughness and 
enhanced impact properties of rubber modified polymers. 
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Figure 6-5 Morphology of fracture surface of PBT composites; (a) PBT-GF10 / 2 mm/min; (b) PBT-
GF10 / 400 mm/min; (c) PBT-GF10 TPEE / 2 mm/min; (d) PBT-GF10 TPEE / 400 mm/min. 
ZONE B: 
The second type of surface observed in fractured samples is Zone B, characterized as 
having a rough structure, with stretched ligaments of the matrix - a clear indication of its 
ductile failure mode. Such a structure can be a result of formation of micro cracks at fibre-
matrix interface and their coalescence. In many studies, the plastic zone or ductile area 
was described as the area of stable crack growth, forming as result of yielding of polymer 
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matrix. These areas are recognized with their dimple-shaped surface structures [117], 
[119], [120]. 
The borders of ductile areas are highlighted in Figure 6-3 (enclosed with a red line in the 
fractographs). The analysis of multiple micrographs obtained at different loading rates 
demonstrated that there was always only one region of ductile area on each fracture 
surface. Referring to the fact that the ductile area is the region of crack initiation and stable 
growth [25], a conclusion can be drawn that for both materials major damage initiation 
(damage leading to fracture and not micro-damage) happened at a single region in the 
matrix. Furthermore, it was noticed that the location of ductile area on the fracture 
surfaces was unpredictable, at all loading rates: ductile areas were found at the edge of a 
fracture surface for some specimens and randomly in the middle for other specimens. 
Rolland et al. however stated that ductile areas are more likely to be located in the core 
region of the specimen [116], this cannot be confirmed for PBT composites in this study. 
This observed variability in location of the ductile area may be due to the inhomogeneity 
of the composite and the effect of randomly distributed fibres, which cause local areas with 
variable (more or less) fibre density.  
 
Figure 6-6 Ductile area on fracture surfaces of PBT composites, a) PBT-GF10 TPEE; b) PBT-GF10 
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The dimples in the ductile areas were mainly formed around the glass-fibres in both 
materials as observed in Figure 6-6 (see red arrows). This agrees with the literature that 
damage and voids form in close vicinity to glass fibres which, during loading and initiation 
of pull-out procedure, cause local areas with high stresses. This leads the matrix to deform 
plastically particularly around the fibres. Moreover, the surface structure of PBT-GF10 
demonstrate a smooth structure while in the TPEE composite the surface structure 
possesses a significant roughness. 
 
More voids and micro-voids (Figure 6-6; (a: red arrows)) (voids around existing fibres) 
and green arrows (voids of pull-out fibres)) are observed on the ductile area of TPEE 
composite and around glass-fibres (Figure 6-6; (a: red arrows)) while in PBT-GF10 negligible 
amount of voids on the surface and voids around glass fibres are observed (Figure 6-6; (b: 
red arrows)). Furthermore, no indications of micro-voids (similar to those seen in TPEE 
composite) were observed.  
It was reported in previous studies that void formation in rubber-modified composites is 
caused by stress concentration around the rubber particles in the matrix [51], [113], [143]. 
This can explain the apparent higher number of voids causing the rough structure in ductile 
areas of PBT-GF10 TPEE. This agrees as well with the challenging fact about the 
composition of PBT-GF10 TPEE regarding compatibility and miscibility. These observed 
differences in structure of ductile areas shows that the plastic deformation in both 
materials is greatly affected by the materials’ compositions and the presence of TPEE 
affected the plastic deformation mechanism. Further analysis regarding voids content and 
formation will be discussed in the following chapter.  
Since the ductile areas are the areas of yielding and plastic deformation, which lead to 
the final failure and fracture of the sample, it is essential to analyse these areas 
quantitatively. In the first step, a quantitative analysis of the sizes of the ductile areas on 
the fracture surfaces obtained at different loading rates for both materials, is performed. 
The effect of loading rate of the plastic deformations of PBT composites was discussed in 
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the previous chapters, where it was observed that these composites exposed strain-rate-
dependent behaviour due to their viscoelastic nature. The size of ductile areas should be 
affected by the loading rate because, in this case, it is linked to the rate of deformation 
which represents the limit of stable crack growth of the material. 
Measuring the size of ductile area on the fracture surface of fractured specimens was, 
to the author’s best knowledge, not done for samples tested at different loading rates and 
the effect of strain-rate on the formation and size of such areas was not reported. Similar 
measurements were performed by other researchers for samples tested under different 
conditions. For instance, as mentioned in the review chapters, Horst and Spoormaker [117] 
studied the fracture mechanism of SFR PA66 and compared the ductile area sizes on 
fracture surfaces of conditioned and unconditioned specimens as well as comparing the 
size of these areas fractured under fatigue and tensile loading. In the following section a 
quantitative analysis on the size of ductile areas with respect to loading rate is presented. 
6.3 Analysis of ductile-area size  
6.3.1 Methodology 
In order to generate a quantitative analysis of its size, the percentage of ductile area 
with respect to the total fracture surface was calculated. The total dimensions of the cross-
sectional area of the samples are known to be 4 mm in width and 10 mm in length making 
a total fracture surface area of 40 mm2. The SEM micrographs of the fracture surface were 
processed using the image processing software ImageJ to calculate the area of the ductile 
region on each fracture surface obtained at different loading rates. The special structure 
of these areas makes it possible, visually under high magnification, to accurately determine 
their location and distinguish them from brittle areas. For instance, the method applied in 
determination and calculation of ductile area for material PBT-GF10 TPEE tested at 2 
mm/min is presented in Figure 6-7. 
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The ductile region could be precisely sectioned using a sectioning tool in ImageJ.  The 
area in µm2 could be automatically calculated by the software. The margin of the error, 
caused by the localization of the borders, is extremely small (10% of the measured area-
percentage) and do not interfere in the resultant trends. 
 
Figure 6-7 Image processing software ImageJ; (a) original micrograph; (b) ductile-area 
determination and calculation of its size using the sectioning tool in ImageJ 
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In total, 15 samples were measured from each composite for every single loading rate. 
Table 6-1 summarizes the results for the calculated areas for both materials at different 
loading rates showing only measurements of 4 samples as examples. The standard 
deviation is presented in the table to show the magnitude of error for each measurement. 
The mean percentage of ductile area size is calculated from the individual ductile area 
percentages of the measurements at different loading rates.  
6.3.2 Results and discussion 
Table 6-1 Ductile area percentage and mean percentage of analysed fracture surfaces 
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2 
11.5 28.75 
27.44 4.70  
2 
5.7 14.25 
15.38 2.02 
13.3 33.25 7.3 18.25 
8.9 22.25 5.5 13.75 
10.2 25.50 6.1 15.25 
 
 
20 
3.9 9.75 
11.94 1.91 
 
20 
2.8 7.00 
7.13 1.13 
4.5 11.25 2.6 6.50 
5.0 12.50 3.5 8.75 
5.7 14.25 2.5 6.25 
 
200 
3.5 8.75 
8.75 2.01 
 
 
200 
0.5 1.25 
0.63 0.52 
2.7 6.75 0.2 0.50 
4.6 11.50 0.3 0.75 
3.2 8.00 0 0 
 
 
 
400 
10.2 3.50 
4.69 1.48 
 
 
 
400 
0.1 0.25 
0.25 0.35 
5.7 4.75 0 0 
3.2 6.75 0.3 0.75 
1.5 3.75 0 0 
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The mean percentages of the ductile area size for PBT-GF10 and PBT-GF10 Premeasured 
at different loading rates is presented on a logarithmic scale in (Figure 6-8 and Figure 6-9), 
respectively. 
As previously observed during mechanical testing, the viscoelastic effect on the plastic 
deformation of this PBT composite is demonstrated by the measured ductile areas. The 
size of ductile area of PBT-GF10 with respect to loading rate shows a clear decreasing 
trend with increasing loading rate. The graph reveals a relationship between the loading 
rate at which the tensile test was performed and the size of plastic (ductile) area (Figure 
6-8). As viscoelasticity is time-dependent, the yielding of the material is as well time-
dependent because damage and plasticity are influenced by the viscous flow of the 
material during deformation. It can be observed that, at a loading rate of 2 mm/min, the 
average percentage of ductile area for material PBT GF10 was 15.38%.  
 
Figure 6-8 Size of ductile area for material PBT GF10 as function of loading rate 
15.38
7.13
0.63
0.25
0
2
4
6
8
10
12
14
16
18
20
1 10 100 1000
D
u
ct
ile
 a
re
a 
p
er
ce
n
ta
ge
 [
%
]
Loading rate [mm/min]
Chapter 6 Microstructural Analysis 
135 
 
This value decreases by about 54% to 7.13% for loading at 20 mm/min. At a loading rate 
of 200 mm/min the mean ductile area percentage dropped to 0.63% and decreased further 
at 400 mm/min where the ductile area percentage reaches a minimum value of about 
0.25% - nearly negligible. 
By reviewing size of the ductile area for the individual measured samples in Table 6-1 at 
400 mm/min, it can be observed that no ductile area was observed on some samples at 
this loading rate. Theoretically, the crack should have initiated at a specific plastically-
deformed region on the surface, however, this plastic location was too small to be 
identified. 
Even when taking into consideration the calculated values for the standard deviation, 
the graph will still show a clear decreasing trend for the percentage of ductile area with 
respect to increasing loading rate. 
 
Figure 6-9 Size of ductile area for material PBT GF10 TPEE as function of loading rate 
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On the other hand, the mean percentages of the ductile area size for PBT-GF10 TPEE 
measured at different loading rates on a logarithmic scale is presented in Figure 6-9. At a 
loading rate of 2 mm/min, the average percentage of the of ductile area for material PBT 
TPEE GF10 reached a value of 27.44%. This value decreases to 11.94% for the loading 20 
mm/min (a decrease of about 56%). At a loading rate of 200 mm/min the mean ductile 
area percentage had a value of 8.75%. This value decreased further at loading rate of 400 
mm/min, the percentage ductile area size reaches a minimum value of about 4.69%. 
It is observed that during quasi-static loading the ductile area is relatively large in both 
composites exposing their viscoelastic behaviour, where enough time is available for the 
material to deform plastically.  
The results of both previous analyses are plotted for comparison in a single diagram in 
Figure 6-10. 
 
Figure 6-10 Comparison of ductile area size for material PBT-GF10 and PBT-GF10 TPEE as function 
of loading rate 
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The effect of TPEE of the formation of the plastic regions or ductile area could be clearly 
observed when the values are compared. At all loading rates, it was noticed that the 
average percentage of ductile area for material PBT-GF10 TPEE was greater than that of 
material PBT-GF10. At 2 mm/min about 78 % more ductile area was measured in the TPEE 
composite. This value decreased at 20 mm/min and increased at 200 mm/min to 67 % and 
1300 % respectively. At 400 mm/min, it was observed that a measurable ductile area was 
available on the fracture surfaces of all samples of PBT-GF10 TPEE, whereas in PBT-GF10 
the ductile area at 400 mm/min was nearly negligible. 
Such results agree with the results obtained in the previous chapters where higher 
plastic deformation was observed during cyclic and incremental loading for PBT-GF10 TPEE. 
At very high loading rates, it is noticed that damage and plasticity due to permanent viscous 
deformation of the TPEE material could still be observed on the fracture surfaces, and no 
pure brittle fracture - similar to PBT-GF10 at 400 mm/min which had nearly negligible 
ductile area - was observed at such rates, explaining the reported higher impact resistance 
of the TPEE composites and agreeing with the results of higher energy dissipation values 
measured at higher loading rates for material PBT-GF10 TPEE. 
In order to understand the mechanism behind the formation of ductile areas and the 
reason behind the TPEE composite having bigger ductile areas, the fibre orientation and 
distribution were also investigated. It was stated that the formation of ductile areas is 
affected by fibre orientation and distribution [117]. At this stage of the study, a brief 
comparison of fibre orientation and distribution is undertaken to understand if it affected 
the formation of ductile areas. 
6.4 Distribution and orientation of glass fibres 
The size, orientation and distribution of fibres in SGFR thermoplastic composite can have 
a significant effect on mechanical properties [130]. For instance, shear forces present in 
the process of injection moulding lead to a significant reduction in fibre length, which, in 
turn, may cause a decrease in ultimate strength [144]. Thus, while comparing SGFR 
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thermoplastic composites, it should be taken into consideration that different fibre 
lengths, as well as various characters of orientation and distribution of reinforcing fibres - 
features that are hard to control - can lead to a diversity of results of mechanical testing. 
The distribution and orientation of glass fibres may differ from one mould to another and 
depend on properties of a polymer matrix and its viscosity during the moulding process.  
6.4.1 Cross-sectional cuts 
In this section, the orientation and distribution of fibres in the thermoplastic matrix was 
investigated by means of image analysis using scanning electron microscopy (SEM) and X-
ray computed tomography (µCT). As mentioned previously, all the samples used in these 
experiments were standard ISO 527 dogbone specimens produced via injection moulding. 
 
Figure 6-11Sketch showing major characteristics of moulding process and transverse and 
longitudinal cuts 
SEM analysis was carried out for longitudinal and transverse cuts for specimens of both 
materials. The cuts were performed manually (using a coping saw – to avoid heat produced 
by machines) and the surfaces were fine polished. The injection point and the mould flow 
direction in addition to cutting directions (longitudinal and transverse) are presented in the 
sketch in Figure 6-11. 
The transverse cuts micrographs reveal that fibres were not randomly oriented in the 
matrix. The round shape and relative size of the glass-fibres, marked in red, Figure 6-12; (a, 
c), demonstrate that most fibres were aligned along the mould flow direction. 
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The orange-marked fibres refer to fibres that are oriented non-perpendicularly to the 
cutting direction. The same could be concluded from the longitudinal cuts in Figure 6-12; 
(b, d). The orange-marked fibres are most oriented to the mould flow direction, whereas, 
those, marked with red arrows, are with smaller cross-sections, showing different 
orientation. It can be obviously concluded that the fibre orientation was similar to any 
injection-moulded thermoplastic, with fibres mostly but not perfectly oriented along the 
flow direction of the mould [45], [62]. Moreover, it was noticed that the distribution varied 
Figure 6-12 SEM micrographs showing cross sections of samples for two view planes: (a) PBT-
GF10 transverse cut view; (b) PBT-GF10 longitudinal cut view; (c) PBT-GF10 TPEE transverse cut 
view; (d) PBT-GF10 TPEE longitudinal cut view 
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across the view plane and the fibre distribution of both materials was not perfectly 
homogenous. 
6.4.2 X-ray CT scans 
To confirm these observations, X-ray computer tomography scans were obtained. The 
X-ray CT scans were performed at Loughborough University using an X-TEK 160Xi system 
(Figure 6-13). X-ray CT scans can provide high-quality 3D models of fractured or 
unfractured samples, giving the opportunity for quantification of void fraction in a sample. 
Moreover, X-ray CT scans provides a 3-D scan of the fibres in the sample. In this way, the 
orientation and distribution of the fibres within the specimen could be easily compared 
and analysed. The scans can even give significant information about the fracture 
mechanism and show fibre pull-outs and the resulting void and surface morphology. 
 
Figure 6-13 (a) X-TEK 160Xi X-ray CT machine; (b) sample setup and scan 
The scans (Figure 6-14) showed that fibres were distributed randomly in the matrix, 
mainly oriented along the flow direction of the mould, supporting the conclusions drawn 
from the SEM micrographs. However, there was no significant recognizable empty spaces 
(with no fibres) in either composite. The distributions of fibres in both materials seem to 
be very consistent, however, not uniform. Glass fibre-free areas could greatly affect the 
fracture behaviour of the composite, as reported about the effect of fibres on  crack 
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propagation and fracture behaviour of thermoplastics and SGFR thermoplastics [9], [92], 
[121]. 
 
6.5 Summary and Conclusions 
Results obtained in mechanical testing and the variation in mechanical behaviour and 
performance, observed between both materials, resulted in varied fracture surface 
morphologies of samples tested at different loading rates. 
SEM analysis has shown clear differences in the morphological characterization of 
fracture surfaces of PBT-GF10 and PBT-GF10 TPEE, and the fracture surfaces could be 
classified into brittle and ductile failure modes. The ductile areas observed in the TPEE 
composite showed similar dimples as in PBT-GF10; however, they showed voids and micro-
voids on the surface and around glass-fibres. The higher energy dissipation and loss 
modulus values obtained in DMA are related to higher friction as result of increased 
viscosity of the material, which is supported by SEM fractographs in which PBT-GF10 TPEE 
showed higher stretching and crazing on the surface even in the brittle zones. Moreover, 
Figure 6-14 X-ray CT scan of PBT composites demonstrating orientation of glass fibres in matrix: 
(a) PBT-GF10; (b) PBT-GF10 TPEE  
Chapter 6 Microstructural Analysis 
142 
 
it was observed that the size of ductile area for both composites decreased with increasing 
strain-rate, an indication of time-dependent behaviour, which is linked to the strain-rate 
sensitivity of these composites.  
Larger ductile areas were found in the TPEE composite at all loading rates. This shows 
that this material possesses higher plastic deformation potential and is much more 
plastically deformed by the applied load than PBT-GF10. The bigger ductile areas can 
explain the premature fracture of the specimen observed during tensile testing (decrease 
in strain-at-break-value). The formation of bigger plastic zones at a relatively low stress 
level can decrease the cross-sectional load bearing capability of the sample and cause it to 
fracture. This deformation behaviour could also be linked to the higher plastic strain 
measured in PBT-GF10 TPEE during cyclic and incremental loading tests. The effect of 
elasto-viscoplasticity in addition to damage happening during loading caused the increased 
plastic strain in the TPEE composites. 
On the other hand, it was stated in other studies that such plasticity could have 
advantages on the impact behaviour of PBT-GF TPEE. For instance, it was reported that an 
increase in toughness was linked to increase in yielding in the matrix [112]. In this case, 
such increased deformation and plasticity led to enhancement in impact behaviour of this 
material. Furthermore, this was experimentally supported by increased damping capability 
(tan δ) and increased energy dissipation values (loss modulus) in chapter 5. 
SEM cross-sectional analysis and X-ray CT scans indicated that the formation of ductile 
zones was not affected by the orientation and distribution of glass-fibres, which was similar 
in both materials. The next chapter focuses on the mechanism behind formation and 
variation in size of ductile areas. Porosity analysis - which may affect plasticity and 
deformation behaviour of a material significantly - is performed for loaded and unloaded 
specimens. To understand the cause of the gaps observed around glass-fibres, evaluation 
of fibre-matrix interfacial adhesion, a major issue which affects mechanical performance 
of SGFR materials, will be thoroughly investigated and compared for both composites. 
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7. Analysis of Porosity and Fibre-
Matrix Interface  
 
7.1 Introduction 
Generally, ductile fracture is accompanied by a considerable amount of permanent 
plastic deformation, which can be manifested macroscopically by change in geometry (for 
instance, necking) or distortion of a tested sample. Microscopically, due to different 
mechanisms, voids can be generated in a matrix and at a fibre-matrix interface, in zones 
where hydrostatic stresses are maximized and stress triaxiality dominates [145]. The 
process of fracture development includes three steps: 
• void nucleation; 
• void growth; 
• void linking (coalescence – initiation of ductile fracture zones). 
Any variation in behaviour in one of these steps, for instance, a higher volume of voids, 
their ultimate size and distribution in the matrix can affect the plasticity of a material 
significantly [110]. 
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As concluded in the previous chapter, the character of orientation and distribution of 
glass fibres in both studied materials did not result in differences in their plasticity and 
deformation behaviour and similar conditions were observed. A rubbery phase in PBT-
GF10 TPEE, based on the reviewed literature [11], [112], can enhance void formation in a 
material, which is more likely to affect its fracture behaviour and related ductile areas. 
Since nucleation of voids and interfacial bonding are related features, porosity analysis 
will be discussed in this chapter in addition to fibre-matrix interfacial bonding, to 
investigate the cause of formation of larger ductile areas observed on fracture surfaces of 
PBT-GF10 TPEE. 
7.2 Effect of TPEE on void formation in PBT composites 
Porosity, or void fraction, is a measure of empty volume in a material. A void is a pore 
that remains unoccupied in a composite material and is typically the result of an 
imperfection from the processing of the material, which is generally deemed undesirable. 
Because a void is non-uniformity in a composite material, it can affect its mechanical 
properties and durability [109]. For aerospace applications, a void content of 
approximately 1% is appropriate for performance, while for less sensitive applications, 
composites may have 2% - 4% of void content [146]. The importance of voids can be 
demonstrated by the fact that, for instance, a 1% - 3% increase in void content can cause 
a reduction in mechanical properties of a composite by up to 20% [147]. 
The existence of voids and inclusions on the fracture surface can be result of the applied 
external load or due to already existing voids as outcome of the manufacturing process. 
The process of injection moulding, especially the mould-filling process and the cooling rate 
of the injected part, can lead to creation of voids in a sample. In addition to that, the nature 
of the material and its tendency to absorb moisture can cause voids formation in the 
structure [148]. The examination of unloaded samples of both materials is therefore 
essential to eliminate any processing and manufacturing effects on the obtained results.  
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7.2.1 Porosity analysis for unloaded specimens  
In this section, cryogenical fracture of unloaded (i.e. not subjected to any load) samples 
of both materials is examined. SEM was used for this for specimens dipped into liquid 
nitrogen (LN) for 30 min and were tested under tension at loading rate of 20 mm/min. 
Using LN, it can be assured that the fracture process is a pure brittle one. The presence of 
voids in these samples can be only a result of the manufacturing process and the nucleation 
of new voids during fracture can be avoided by using this method. A brittle fracture is 
usually a quick process, providing less time for a material to deform plastically and forming 
any kind of stretching or void nucleation. The experimental setup and preparation are 
presented in Figure 7-1. 
 
Figure 7-1 Cryofracture experimental setup: (a) LN vessel fill-up preparation; (b) Samples dipped in 
LN 
The SEM analysis of the fracture surfaces of unloaded cryofractured samples of both 
materials demonstrated, as expected, pure brittle fracture behaviour (Figure 7-2). The aim 
of this experiment was to determine whether the voids observed in ductile areas were 
caused by the loading process or already existed in the structure.  
Examination of cryofractured PBT composites showed no indication of ductile fracture 
mode in any part of the fracture area on either materials’ surfaces. The surface of PBT-
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GF10 TPEE revealed a relatively tougher structure on the brittle fracture surface similar to 
that observed in tensile tested specimens (Figure 7-2; (b)). Furthermore, no clear indication 
of voids was found on the brittle fracture surfaces. Broken and pulled-out glassfibres are 
dominant in the fracture zone. The voids noticed in both fractographs were the results of 
pulled-out fibres and did not reflect any viscoelastic or ductile behaviour.  
 
Figure 7-2 SEM micrographs of cryofractured samples of unloaded PBT composites: (a) PBT-
GF10; (b) PBT-GF10 TPEE 
This observation demonstrate that the ductile areas discussed in the previous chapter 
were not caused by material defects such as pre-existing voids, but rather a result of 
plasticity and yielding process under load.  
In addition to the SEM analysis, to confirm the observations that no voids existed in the 
samples, X-ray CT scans were performed. In contrast to 2D SEM examination, X-ray CT 
scans can deliver 3D images easing investigation of the internal microstructure of a 
specimen. Fragments of fractured specimens with dimensions 1 mm x 1 mm x 1 mm of 
both composites were scanned and examined (Figure 7-3). 
In these scans, the fibres are presented in light yellow colours (red arrows) while the 
matrix is shown with the yellow-green and blue colours for PBT-GF10 TPEE and PBT-GF10, 
respectively. The red colour demonstrates unoccupied volume; therefore, when red colour 
is observed inside the matrix, it points to unfilled matrix-volume or voids. However very 
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tiny red dots - enclosed with black circles in the images - noticed in the matrix of both 
samples do not represent voids but are unavoidable artefacts of the scanning process with 
a volume less than 2 µm3. A major difficulty in scanning glass-fibre-reinforced polymers is 
the relative closeness of densities of the PBT-matrix (1.37 g/cm3) and the glass fibres (2.11 
g/cm3), which makes it hard to achieve optimal scans and adjust suitable values for the X-
ray beam’s energy, beam current and X-ray power with the available equipment. These 
values are easier to adjust when the contrast in densities is high.  
 
Figure 7-3 X-ray CT scans of unloaded specimens of PBT composites: (a) PBT-GF10 TPEE; (b) PBT-
GF10 
From both X-ray CT scans, no evidence of voids was found in the matrix of both materials, 
confirming the observation with SEM. Based on these results, it could be concluded that 
no voids pre-existed in the samples. 
7.2.2 Porosity analysis of loaded samples 
Based on the above analysis, it is clear that the voids observed in the ductile areas (see 
the previous chapter) were the result of the loading process. Samples of these voids on 
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fracture surfaces of both materials are highlighted, enclosed with red colour in Figure 7-4. 
A higher volume of voids forming, upon loading, in a particular area of the sample, can 
cause formation of larger plastic zones. Therefore, analysis of void content for loaded 
specimens is essential. 
 
Figure 7-4 Voids observed in ductile areas of PBT composites; (a) PBT-GF10 TPEE; (b) PBT-GF10 
As mentioned, due to the closeness of the densities of the matrix and glass fibres, a 
reliable quantitative measurement of void content using X-ray CT 3D models was not 
possible. Therefore, analysis of void content on the fracture surfaces obtained at loading 
rates 2, 20, 200 and 400 mm/min, can deliver more reliable results in this case and give a 
clear idea about any relation between this parameter and a time-dependent behaviour. 
The use of 2D detection and quantification of voids using image processing software is well 
established in the scientific community [95], [104], [107]. The methods can differ 
depending on the kind of investigation. Different colour-thresholds could be used to 
distinguish between structures on the micrographs.  
The fraction of voids viewed on the fractographs was calculated using the image 
processing software ImageJ, see Figure 7-5; (a).  
The loaded images, in the software, were duplicated for threshold adjustment and to 
ease comparison between original and processed images (Figure 7-5; (b)). On the 
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micrographs, it is easy to distinguish between the glass fibres in white colour, the matrix in 
grey and voids in red. 
 
n
 
Figure 7-5 Methodology and threshold adjustment for detection and quantification of voids in 
ImageJ: (a) original image; (b) processed image 
By adjusting the colour threshold, the colour contrast became higher, making it possible 
to determine locations occupied by voids with a particular chosen colour, with more 
precision. Using this technique, the calculation of void fraction was performed with the 
software by summing the pixels of a same colour in each micrograph. To calculate the 
fraction of voids in a micrograph, it was necessary to predefine the area in which the pixel 
bundles shall be counted. The analysed area is explicitly within the yellow window noticed 
on each processed image. This ensures elimination of any area on the micrograph that can 
affect the calculated void fraction (Figure 7-5, (b)). Each fracture surface was divided into 
several micrographs and the results were summed to obtain the total void fraction. 
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Ten samples for each material at each loading rate were chosen for the calculation of 
the voids content. However, despite the fact that voids were present only in ductile areas, 
the fractions were calculated from the total fracture surface, i.e. 40 mm2. This gave a better 
overview of the trends for the void fraction in the samples for a more precise comparison. 
The averages of the obtained results were plotted with respect to loading rate. 
 
Figure 7-6 Example of processed SEM micrograph for PBT-GF10 TPEE tensile tested at 20 mm/min  
Another example of a processed micrograph at 20 mm/min for PBT-GF10 TPEE is 
presented in Figure 7-6. 
The mean fractions of voids content on fracture surfaces of PBT-GF10 and PBT-GF10 
TPEE obtained for different loading rates are presented in Figure 7-7. 
 At 2 mm/min, 3.98% voids content was observed on the of PBT-GF10 fracture surface. 
This level decreased with increasing loading rate, reaching a magnitude of 1.56% at 20 
mm/min. At high loading rates, due to nearly negligible ductile areas, the value was at 0.5%, 
demonstrating fibre pull-outs rather than voids formed due to plastic deformation. 
On the other hand, in PBT-GF10 TPEE, at 2 mm/min, voids occupied about 8.5% of the 
ductile area showing that this material underwent high deformation during loading, 
resulting in a higher void content in the fracture plane, when compared to PBT-GF10. With 
increasing loading rate, the fraction of voids in the ductile areas decreased to 4.21% and 
3.25% at 20 and 200 mm/min, respectively, revealing a trend similar to that observed in 
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PBT-GF10. This proves that voids formation is obviously related to the viscoelastic 
behaviour of these materials, due to the observed time-dependent relationship. Even at 
400 mm/min, with the ductile area reaching its minimum size, a measurable 1.9% voids 
was measured. 
 
Figure 7-7 Fraction of voids on fracture surfaces of PBT composites as function of loading rate  
To compare, it is clear that there was a decreasing trend in the fraction of voids with 
increasing loading rates for both composites, with PBT-GF10 TPEE demonstrating a clearly 
higher void content at all loading rates.  Moreover, there was a noticeable fraction of voids 
at higher loading rates in PBT-GF10 TPEE and a negligible one in PBT-GF10.  
These results fully agree with the ones obtained in mechanical testing, and show at the 
same time that the voids formation was relevant in the formation of ductile areas. As result 
of incorporation of TPEE in the PBT matrix, void formation was enhanced, which, in turn, 
led to formation of larger plastic zones. As the loading rate increased, the voids content 
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diminished, causing a decrease in the ductile-area size. It is clear that mobility of polymer 
chains, which was more restricted in PBT-GF10, played a central role in this behaviour due 
to the observed rate-dependency. These results were translated to a higher damping 
capability and higher energy dissipation due to the enhanced viscoelastic properties of 
PBT-GF10 TPEE. The formation of a high volume of voids and the resultant bigger ductile 
areas in PBT-GF10 TPEE were as well observed in premature fracture of the samples of this 
composite during tensile testing.  
 
Figure 7-8 X-ray CT scan of PBT-GF10 TPEE sample tensile tested at 2 mm/min 
Furthermore, X-ray CT scans of samples fractured at 2 mm/min showed that void 
formation was evident in local areas around pulled-out glass fibres in PBT-GF10 TPEE 
(Figure 7-8). This observation regarding nucleation of voids around debonded fibres agrees 
with reported studies [59], [117]. 
X-ray CT scans showed that void patterns followed a kind of particular orientation, 
mainly parallel to orientation of glass-fibres. This means that, considerable debonding 
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occurred when the sample was loaded, and voids formed around the pull-out areas, 
causing, after their coalescence, high local plastic deformations, observed as large ductile 
areas with higher void contents on their surfaces.  
This phenomenon was less apparent in scans performed for PBT-GF10 as observed in 
Figure 7-9. Visually, fewer voids were visible in the cross-sectional cuts produced by the 
software. The orientation of a voids pattern in direction of fibre orientation was similar to 
that observed in PBT-GF10 TPEE. However, it was present in a much smaller volume. 
 
Figure 7-9 X-ray CT scan of PBT-GF10 sample tensile tested at 2 mm/min 
The analysis concerning the void content for loaded samples showed that the elastomer 
TPEE had a significant effect on nucleation of voids, causing, in turn, formation of bigger 
ductile areas that affected the mechanical properties and performance of the composite 
significantly. The higher material deformation due to presence of the rubber particles in 
the matrix enhanced the formation of voids. The process of formation of voids particularly 
in areas of pulled-out glass fibres could be a result of weak fibre-matrix interfacial adhesion 
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and can increase the deboning process [92], [109], [110]. In fact, the quality of fibre-matrix 
bonding can affect the ductility of a material, as strong bonds act on putting high constraint 
on the matrix [119]. 
In the next section of this chapter the effect of TPEE on fibre-matrix interfacial adhesion 
will be addressed, in addition to evaluation of its quality. 
7.3 Interfacial fibre-matrix bonding 
Interfacial bonding has a significant effect on mechanical properties of SGFR composites 
as well as their deformation and fracture behaviours. The effect of fibre-matrix bonding on 
fracture behaviour of similar polymers and thermoplastics was mentioned in the literature 
review [59], [62], [109], [116]. Many of these studies linked the fracture behaviour and 
formation of ductile areas to quality of the fibre-matrix adhesion and debonding in the 
plastic zone (ductile area).   
In this work, SEM analysis showed that large amounts of fibres were pulled out on the 
fracture surfaces of both materials. The voids formed as a result of the fibre pull-out 
process caused weakening of the structure and it was reported in the literature that cracks 
propagated easily between the adjacent pull-out fibres [120].  
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Figure 7-10 Crack propagation between pull-outed and debonded fibres: (a) PBT-GF10 TPEE; (b) 
PBT-GF10 
This phenomenon was observed in some of the cryofractured samples, where cracks 
clearly propagated between fibres; examples for both composites are presented in Figure 
7-10. 
The fractographs revealed that cracks mainly propagated through the weakest points in 
the structure. The red arrows in the images indicate the path-points of the cracks and the 
green lines show the cracks. The crack can propagate between these path-points, which 
are either pulled-out fibres (Figure 7-10, (a, b: arrows 1 and 2)) or between pulled-out and 
debonded fibres with micro-gaps (Figure 7-10, (a: arrow 3); (b: arrows 3 and 4)). 
These images demonstrate the importance of the interfacial adhesion on the crack 
propagation and, in turn, their direct effect on mechanical and fracture behaviours of these 
composites, showing that any variation in interfacial bonding can fundamentally affect the 
fracture process in these composites. Under normal conditions (not cryofractured), weak 
interfacial bonding would provide gaps for a crack to propagate easily. 
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7.3.1 Effect of TPEE on fibre-matrix bonding 
The quality of matrix-fibre bonding can be evaluated from the matrix residue observed 
on pulled-out fibres [89], [117], [121], [149]. To do this, pulled-out fibres are compared by 
evaluation of the amount of matrix residue on them after fracture. 
Despite similarities in a fracture mode (brittle-ductile failure modes), the analysis of 
fibre-matrix bonding in the ductile areas of the two composites showed clear differences. 
In the micrographs, fibres could be distinguished thanks to their bright white colours while 
the matrix has a grey colour, providing reliable possibility to notice any matrix residue on 
pulled-out fibres. 
In the brittle area, matrix residue is spotted on the pulled-out fibres. Glass fibres in PBT-
GF10 were nearly completely covered with matrix rests, with their pulled-out parts covered 
along their length with grey colour (Figure 7-11; (a: red arrows)). This indicates a sufficient 
and good-quality interfacial bonding in PBT-GF10 in the brittle area and could be linked to 
the higher value of ultimate tensile strength observed in tensile testing for this material. 
 
Figure 7-11 Matrix residue on pulled-out fibres in brittle areas: (a) PBT-GF10; (b) PBT-GF10 TPEE 
On the other hand, from the amount of matrix residue on the fibres of the TPEE 
composite, a relatively weaker fibre-matrix adhesion in the brittle area (Figure 7-11; (b: red 
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arrows)) can be concluded. Matrix residue can be observed on the fibres; however, it does 
not cover the whole fibre. White spots indicating uncovered fibre areas could be seen 
between matrix rests sticking on the fibres. Moreover, some fibres are completely white, 
revealing bad-quality and insufficient interfacial adhesion. Low-quality bonding can explain 
the lower levels of stiffness and tensile strength in PBT-GF10 TPEE material. However, it 
apparently enhanced the damping and energy dissipation by providing, despite higher 
viscosity, more freedom for polymer chains to relocate, causing, elevation in levels of 
energy dissipation due to increased friction within the material. In presence of fibres, high 
interfacial adhesion prevents polymer chains from moving when the material is exposed to 
external stress. The higher-quality interfacial bonding observed in PBT-GF10 caused higher 
stiffness and strength, hence having negative effects on the damping behaviour and 
decrease in energy-dissipation levels. 
 
Figure 7-12 Indication of weak fibre-matrix adhesion in ductile areas of PBT-GF10 TPEE 
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In the ductile areas, higher plastic deformation and void contents could be observed in 
the matrix of the TPEE material. Voids were formed around pulled-out and existing fibres, 
as can be seen in Figure 7-12. 
 There was significant stretching of the material around the fibres, causing total 
debonding from the matrix. The pulled-out fibres, as a result, were completely white, 
having no matrix residue on them, confirming the conclusion about the poor fibre-matrix 
bonding in this material. This behaviour of stretching and debonding was significantly less 
pronounced in PBT-GF10. Fewer spaces and voids are observed around glass fibres in PBT-
GF10. Glass fibres are mostly white in images; however, a noticeable amount of residue 
could still be observed on them in Figure 7-13. 
 
Figure 7-13 Matrix residue on pulled-out fibres on ductile areas of PBT-GF10  
To conclude, it is found that both composites underwent a debonding process in the 
ductile areas, with PBT-GF10 demonstrating the higher quality of bonding in both brittle 
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and ductile areas. These results conform the previous ones regarding weakening of 
interfacial bonding as a result of blending TPEE with PBT. 
7.3.2 Fibre-matrix debonding 
Analysis of matrix deformation around pulled-out fibres is presented in Figure 7-14. The 
TPEE composite shows, as mentioned before, higher deformation in the ductile area. The 
dimples in PBT-GF10 have a different appearance (Figure 7-14; (c)) than those observed in 
PBT-GF10 TPEE (Figure 7-14; (b)). Figure 7-14; (a) demonstrates a partially pulled-out fibre 
on the fracture surface of TPEE composite. Apparently, good adhesive behaviour could be 
observed on the part of the fibre in contact with the matrix (Figure 7-14; (a: arrow 1)).  
 
Figure 7-14 Ductile areas with pulled-out fibres: (a) partially pulled-out fibre in PBT-GF10 TPEE; (b) 
conic structure as result of pulled-out fibre in PBT-GF10 TPEE; (c) ductile area of PBT-GF10; (d) 
matrix strain around broken fibres due to pulling in PBT 
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However, one can also notice (Figure 7-14; (a: arrow 2) that the pulled-out part shows 
no matrix residue, an indication of nonuniformity in the bonding quality along the fibre. 
On the other hand, in a similar position for PBT-GF10, many fibres were broken in the 
ductile area, a clear indication of efficient matrix-fibre bonding as previously observed 
(Figure 7-14; (c)). When the bonding along the whole fibre is efficient, pull-out could be 
avoided and the fibre breaks. This explains a relatively lower number of pulled-out fibres 
in this material. Moreover, no matrix micro-cracking or significant gaps were observed 
around the fibres, in contrast to the TPEE material. 
 Furthermore, the matrix was strained around the glass fibres as can be seen in (Figure 
7-14; (c, d: see arrows). This strained zone around the debonded interface did not develop, 
as in PBT-GF10 TPEE, to void opening or significant material stretching but dissipated the 
strain energy and inhibited the crack propagation through the matrix. Similar observation 
was made for glass-fibre-reinforced ethylene-propylene composite at high strain rates 
[59]. As stated, high-quality interfacial bonding can inhibit polymer-chain relocation and 
movement; a fact that could be clearly observed in micrographs of PBT-GF10.  
As a conclusion, the difference in the damage happening in the ductile areas for both 
materials clearly confirmed the experimental results and the effect of the TPEE on the 
matrix behaviour of TPEE composites. While for PBT-GF10, similar behaviour of debonding 
was observed, it was not pronounced in PBT-GF10 TPEE and was recognized by the material 
straining around the fibres without significant damage and less gap-opening around the 
fibres. This can confirm the effect of TPEE on the bonding quality of these composites. TPEE 
affected the interface bonding negatively, causing micro-voids to form on a larger scale 
and enhancing the interfacial fibre debonding.  
The strained areas noticed in PBT-GF10 dissipated much less energy than the high-
deformation void nucleation observed in PBT-GF10 TPEE. In the last section of this chapter 
these deformation zones caused by fibre pull-outs are examined due to their direct effect 
on energy dissipation, strain-rate sensitivity and damping properties. 
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7.3.3 Effect of viscoelasticity on fibre pull-out 
Under higher magnification (Figure 7-15), due to fibre pull-out, conic-shaped structures, 
formed as a result of matrix failure at bases of pulled-out or broken glass fibres, are 
apparent. When the fibre started to be pulled out, the stress intensity around it increased.  
Due to high viscoplasticity, deformation of the matrix caused the material to flow 
outwards during the pull-out process, leading to debonding of the fibre and forming a 
penny-shaped or conic structure. Such structures were reported in the literature [117], 
[121], [150], [151]. These reported conic structures were more similar to those observed 
in PBT-GF10 as shown in Figure 7-16. 
 
 
Figure 7-15 Conic structures observed on ductile areas of PBT-GF10 TPEE 
On the other hand, the structures observed in PBT-GF10 TPEE were totally different and 
were not reported, to the author’s best knowledge, in the literature (Figure 7-15).  
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Figure 7-16 Conic structures observed on ductile areas of PBT-GF10 
Such localized deformation in the interface zone around glass fibres affected the visco-
damage behaviour in presence of TPEE, acting as dissipation zones and explaining the 
increase in the damping coefficient tan δ and the elevated levels of loss modulus. 
Such structures were observed at all loading rates in the TPEE composite, while, on the 
other hand, in PBT-GF10, similar structures were only observed at 400 mm/min loading 
rate as seen in Figure 7-17 and were not totally similar. No spacings or void opening around 
fibres were observed, and the structure of these conics had a flat smooth surface, in 
contrast to those observed in the TPEE composite’s fractures. 
Chapter 7 Analysis of Porosity and Fibre-Matrix Interface 
163 
 
 
Figure 7-17 Conic structure in ductile areas of PBT-GF10 at loading rate 400 mm/min 
As mentioned, at high strain rates (400 mm/min), conic structures in PBT-GF10 TPEE had 
consistent shapes like those observed under quasi-static conditions (2 mm/min) displaying 
high deformation and material viscoplasticity, however, occupying smaller areas (Figure 
7-18). The size of these structures reflects the amount of work done during deformation, 
with larger conic structures causing more energy dissipation. This observation confirms the 
fact that higher matrix deformation in the TPEE composite led to higher values of the loss 
modulus, and these values were higher at lower frequencies corresponding to lower 
loading rates. 
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Figure 7-18 Conic structure in ductile areas of PBT-GF10 TPEE at loading rate 400 mm/min 
To investigate the effect of strain rate on the size of these conic structures, a quantitative 
analysis, comparing the amount of these conic structures and their size with respect to the 
strain rate, was performed using ImageJ. Figure 7-19 illustrates the method used to 
measure each single conic structure on the ductile area for specimens fractured at loading 
rates of 2, 20, 200 and 400 mm/min. 
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Figure 7-19 Fig. 5. Method used in measuring area of conic-shaped structures in PBT GF10 TPEE 
specimen tested at 200 mm/min 
Using ImageJ, the area of each conic structure was marked with a sectioning tool 
allowing the software to calculate the area of each individual structure. 
When presented as cumulative distribution function, the results for fraction of total 
conic structures and their sizes demonstrate some clear differences and pronounced 
trends (Figure 7-20).  
 
Figure 7-20 Cumulative distribution function of conic structures at different loading rates for 
material PBT-GF10 TPEE. 
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The normal standard distribution analysis showed that the fraction of these structures 
decreased with increasing loading rates. This is obviously related to the decreasing size of 
the ductile area with increasing loading rates, as smaller ductile areas contain a smaller 
number of fibres (assuming that each single fibre produces a conic-structure). The analysis 
showed that the probability of formation of such structures was greater for PBT-GF10 TPEE 
than for PBT-GF10. This give an indication that these structures play a major role in 
determining the size of ductile areas, thus having a great effect on the behaviour of the 
material. Moreover, from the graphs, it can be concluded that the probability of formation 
of larger conic structures decreased with increasing loading rates for both materials, with 
the TPEE composite demonstrating larger conic structures at all loading rates. For instance, 
60% of these structures cover an area up to 4x103 µm2 at 2 mm/min, which decreases to 
3.5x103 µm2 and 2.5x103 µm2 at 20 and 200 mm/min respectively, reaching a minimum of 
2.2x103 µm2 at 400 mm/min. This decrease in area with increasing loading rate was similar 
in PBT-GF10 (Figure 7-21). 
 
Figure 7-21 Cumulative distribution function of conic structures at different loading rates for 
material PBT-GF10. 
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 In PBT-GF10, 60% of these structures covered an area of 3.6x103 µm2 at 2 mm/min, 
which decreased to 3.2 x103 µm2 at 20 mm/min and reached 2.1x103 µm2 and 2.0x103 µm2 
at 200 and 400 mm/min, respectively (Figure 7-21). This time-dependent behaviour is 
obviously related to the viscoelastic behaviour of the materials and confirms the DMA 
measurements, where higher levels of loss modulus and energy dissipation were observed 
in the TPEE composite. With increasing strain rates, less time was available for formation 
of bigger conic structures, and their number decreased due to decreasing ability of 
deformation. 
7.4 Summary and conclusion 
To conclude, the analysis in this chapter showed major differences in behaviour between 
the two studied materials. PBT-GF10 TPEE showed higher propensity for void formation. 
Porosity analysis of unloaded specimens showed that voids did not pre-exist in the tested 
samples but were mainly a result of the loading process. 2D fracture analysis demonstrated 
that the fraction of voids in a ductile area was loading-rate-dependent and the effect of 
TPEE on porosity of the structure was evident.  
Moreover, TPEE affected the interfacial fibre-matrix adhesion negatively. SEM analysis 
showed numerous pulled-out fibres with no matrix residue in the brittle and ductile area 
in contrast to PBT-GF10. Fibres with enough bonding were more likely to be pulled out due 
to increased deformation capability of the material. This was observed in the analysis of 
conic structures, where the material flowed outwards, forming crazes and voids and 
causing debonding of the fibres accompanied with high energy-dissipation levels observed 
in previous chapters. By applying cumulative distribution function, it was possible to 
conclude that the fraction of these structures was, in addition to voids, responsible for 
formation of bigger ductile areas in PBT-GF10 TPEE. Also, the increased deformation and 
plasticity potential observed in the mechanical experimentation for PBT-GF10 TPEE, could 
be clearly related to the size of these conic structures, where a time-dependent behaviour 
was obvious due to their decreasing size with increasing loading rates. 
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8. Conclusions and Future Work 
8.1 Conclusions 
The main purpose of this research was to bridge a gap in current knowledge regarding 
mechanical behaviour and microstructure of a less-explored, but widely used in electrical 
applications elastomer-modified SGFR composite material. 
This aim of this project was achieved by first conducting an extensive literature review 
on mechanical properties and strain-rate-dependent behaviour of PBTs and similar 
polymers followed by a review on fracture morphology and methods of microstructural 
characterization. The review was followed by experimental investigations and 
microstructural analysis of the studied SGFR PBT composites. 
According to the aim and objectives of the thesis, the following summaries and 
conclusions could be conducted as a result of the performed analysis and investigations. 
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Due to the viscoelastic nature of both composites, the first experimentation part of this 
research focused mainly on their strain-rate-dependent behaviour and the effect of TPEE 
on the tensile properties of SGFR PBT. 
Uniaxial tensile tests were performed on ISO dogbone specimens at different loading 
rates. The experiments showed that the rubbery elastomeric material, namely TPEE, had a 
negative impact on tensile properties of SGFR PBT. Furthermore, it was found that both 
studied materials were significantly sensitive to strain rate. Under quasi-static conditions 
(loading rate of 2 mm/min), both strain at UTS and elongation at break were negatively 
affected as a result of TPEE incorporation. However, both parameters showed an ascending 
trend with increasing strain rate in a range (between 20-200 mm/min). The strain at UTS 
of PBT-GF10 TPEE exceeded that of PBT-GF10 and its elongation at break nearly reached 
the same level, demonstrating an enhanced plastic deformation capacity and fracture 
toughness at higher strain rates (with respect to the unmodified material). Based on this 
observation, the effect of viscoelasticity on damage in this composite was evident and it 
was concluded that the material’s performance was enhanced under dynamic loading 
conditions (higher strain rates). 
The second part of the experimental work focused on energy dissipation and damping 
capability while also considering damage initiation and accumulation. The observations 
done in the first stage of the study, were confirmed in this part. The observed hysteresis 
phenomenon was associated with energy dissipated during deformation (through heat, 
plastic flow, viscous flow or other damage mechanisms) and this was observed in a cyclic 
test program. Another goal of cyclic tests was to provide a tool for extracting a plastic 
component of the total deformation. Based on this, in cyclic and incremental loading tests, 
higher energy-dissipation levels were observed for PBT-GF10 TPEE accompanied with 
higher plastic strain. The premature fracture of this composite in tensile tests was 
obviously a result of higher damage and plastic-deformation capability of this material. The 
higher dissipated energy could be only linked to higher friction occurring during the 
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deformation process. Energy dissipation decreased with increasing strain rates, in both 
composites, confirming the viscoelastic effect on damage and deformation.  
DMA tests (frequency sweeps) were performed between 0 Hz and 100 Hz. These tests 
agreed fully with the results of tensile tests and cyclic loading, with the loss modulus and 
tan δ being greater in presence of TPEE and their values decreasing with increasing 
frequency. The increased damping capability of the TPEE material, despite increased 
viscosity, indicated that polymer chains had a higher freedom of movement resulting in 
higher values of tan (δ) and loss modulus due to performed work and generated heat. As a 
conclusion, higher plasticity and damage in the TPEE composite enhanced the damping 
capability and led to higher energy dissipation levels. The observed premature fracture 
during quasi-static tensile tests were result of higher plastic deformation. At higher strain 
rates, due to the viscoelastic properties of the material, the higher deformation was 
advantageous, where increase in strain at break values and a higher energy dissipation 
ability -when compared to PBT-GF10- was observed. 
To gain a better understanding of the results obtained at the macroscopic scale, 
microstructural analysis is this project was performed with SEM observations of fracture 
surfaces formed in tension at different strain rates. These fracture surfaces revealed two 
main characteristics of fracture modes: brittle and ductile. This phenomenon was similar 
to observations in the reviewed literature for a variety of polymer types. However, the size-
to-strain-rate relation and the structures of ductile areas were unique for fracture surfaces 
of the TPEE composite. It was also possible to establish a link between the obtained 
experimental results and the microscopic observations. The significant plastic deformation 
and stretching in PBT-GF10 TPEE, especially around glass fibres, confirmed the higher 
energy dissipation and DMA results. The larger ductile-area size observed in this composite 
revealed the cause behind the premature fracture in tensile tests, where the time-
dependent behaviour was evident in the ductile-area size decreasing with increasing strain 
rate. This observation contributed considerably to the effect of TPEE on the deformation 
mechanism of the composite. As viscoelasticity is time-dependent, these behaviours were 
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suppressed with increasing frequency or strain rates. Since the damage and ductile areas 
needed time to form, higher strain rates caused a decrease in their levels and sizes, 
respectively. As a conclusion, the higher plastic strain values observed in the mechanical 
experimentations are related to formation of larger ductile areas. In quasi-static loading, 
the large size of ductile area lead to decrease in tensile strength and elongation-at-break. 
As this area decreased with increasing strain-rates, tensile properties were enhanced.    
Furthermore, image processing was applied to investigate the nucleation of voids in the 
studied materials. X-ray CT scans and cryogenic-fractured samples showed that there was 
no evidence of pre-existing voids in both materials as result of the manufacturing process, 
and thus, no defects interfered in the results of the experiments and analysis. The void 
fraction in the TPEE composite was greater than that in PBT-GF10. This observation was, 
based on the literature review, common for rubber-modified systems. However, at higher 
strain rates, where this trend was similar, nearly no voids (as well as an almost negligible 
ductile area) were observed as a result of plastic deformation in PBT-GF10, revealing nearly 
a glass-like brittle fracture, in contrast to the TPEE composite, where the viscoelastic effect 
was present even at higher strain rates. 
These results were more understandable when examination of the interfacial fibre-
matrix bonding was undertaken. The literature review showed that elastomers could have 
both positive or negative effects on the interfacial adhesion between fibres and a matrix. 
The SEM analysis of fractographs revealed two main phenomena in the TPEE composite 
and major conclusions could be drawn based on these observations: 
In brittle areas, in both composites, the quality of fibre-matrix adhesion was fair. 
However, fibres in PBT-GF10 exhibited more matrix residue along their pull-out lengths. 
On the other hand, in ductile zones, the difference in interfacial bonding was obvious. 
Pulled-out fibres had almost no matrix residue in the TPEE composite, in contrast to PBT-
GF10, where enough matrix remains were observed. The quantity of examined fracture 
surfaces manifested that, in ductile areas, the quality of fibre-matrix bonding was 
insufficient and extremely poor in PBT-GF10 TPEE. 
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In PBT-GF10 TPEE, for fibres with enough bonding, the viscoplastic effect was significant, 
manifested by formation of conic structures, with the matrix material flowing to the 
outside as result of fibre pull-outs. These conic structures were unique as compared to the 
reviewed materials, and provided another mechanism of energy dissipation in this 
material. The deformation was significant when compared to that found in PBT-GF10. The 
levels of DMA, damage and dissipated energy observed in the experimental part were 
evident here and could be easily linked together. The size and amount of these conic 
structures showed a time-dependent behaviour, with both parameters decreasing with 
increasing strain rates. 
By merging all these observations and results together, the following conclusion can be 
drawn in this research. Two main factors caused the change in behaviour of PBT-GF10 as a 
result of TPEE incorporation: the enhanced void-formation capability and the negative 
effect on fibre-matrix interfacial bonding. 
The first factor affected the ductility of the material negatively, with elongation at break 
and strain at UTS decreasing due to formation of plastic zones on a bigger scale, causing a 
decrease in the load-bearing capacity of the sample. This higher plastic deformation was 
accompanied by higher energy dissipation and damage accumulation in cyclic testing. 
The second factor, caused, without any doubt, the decrease in stiffness and strength of 
the TPEE composite, and can explain its enhanced damping capability. From the reviewed 
literature, the main cause of poor damping behaviour was the restriction of movement of 
polymer chains caused by good-quality interfacial bonding. As mentioned before, the 
relatively poor-quality bonding in TPEE provided freedom of movement for polymer chains, 
which, in addition to enhanced nucleation of voids, led to formation of larger ductile zones, 
and, in turn, affected all other properties and the overall performance of the composite.  
In evaluation of this material, it is clear that negative effects of TPEE on the tensile 
properties on SGFR PBT should not exclude application of this modified composite from its 
traditional product category. The decrease in tensile properties could be compensated 
with smart design of the products. The only concern is the strain-at-break value, especially 
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under quasi-static conditions. On the other hand, the benefits are numerous: the formation 
of voids and the increased plastic deformation are desirable in many applications, due to 
their ability to dissipate the mechanical work into heat.  Enhanced damping and impact 
properties, better impact resistance in addition to enhanced structural flexibility, are 
properties desirable in product design. The results of this work will help to better apply this 
material in the future in more suitable applications and provide the foundation for 
improvements of this composite to obtain even higher performance and better mechanical 
properties for it and similar materials. 
8.2 Recommendation for Future Work  
The results highlighted in this research project reflect a number of findings; however, 
some interesting topics arose during the course of the study, which are worth to be further 
studied and could greatly contribute to science: 
Experimentation  
• Performing the same (or similar) experimentation procedure at temperatures 
higher than glass-transition temperature (Tg). The influence of temperature on 
viscoelastic materials is significant, and the investigation of this SGFR composite in 
this unexplored field is important. Tensile properties and strain-rate sensitivity (in 
addition to interfacial fibre-matrix bonding) can expose completely different 
behaviours at elevated temperature than those observed in this research. 
• The significant effect of adhesion properties between fibres and the matrix 
observed in this project, questions the adequacy of evaluating fibre-matrix bonding 
by only observing the matrix residue on pulled-out fibres. In cases, similar to the 
studied materials, is was possible to compare this feature; hence, in one material, 
no matrix residue was observed and a conclusion was easy be draw. But, in 
materials were such a contrast in observations is not high enough, the evaluation 
of the interfacial bonding can become very challenging. A potential method is to 
use 3D scans and image processing software to quantify the matrix residue on fibres 
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or perform micro-tensile tests on single fibres; this method which needs advanced 
equipment and facilities. 
• Performing tests on PBT-GF10 TPEE samples with different diameter and length of 
fibres. This can enhance the interfacial bonding and, subsequently, many 
mechanical properties. In fact, reinforcing polymers with long glass fibres (LGF) is a 
relatively expensive process, especially when applied for mass-production. 
Nevertheless, the benefits of such a study is apparent, and many outcomes could 
be interesting. 
Modelling  
•  Development of 3-D finite-element (FE) models using the X-ray CT scans as basis 
for the introduction of distribution and orientation of fibres into the model. The 
experimental results provide enough information for developing such a model. 
However, due to the complexity and interaction of several factors and parameters 
in the behaviour and deformation of this composite, this task could be very 
challenging.  
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Monotonic tensile tests for material PBT-GF10 
 
Figure 22 Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed 
of 2 mm/min. 
 
Figure 23 Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed 
of 20 mm/min. 
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Figure 24 Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed 
of 200 mm/min. 
 
 
Figure 25 Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed 
of 400 mm/min. 
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Monotonic tensile tests for material PBT-GF10 TPEE 
 
Figure 26 Plots of stress strain curves of 5 samples of material PBT-GF10 TPEE performed at cross 
speed of 2 mm/min. 
 
Figure 27 Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed 
of 20 mm/min. 
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Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed of 200 
mm/min. 
 
Plots of stress strain curves of 5 samples of material PBT-GF10 performed at cross speed of 400 
mm/min. 
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DMA results for material PBT-GF10 
 
Storage modulus of PBT-GF10 as function of frequency for 3 samples 
 
 
Loss modulus of PBT-GF10 as function of frequency for 3 samples 
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 Variation of Tan delta of PBT-GF10 as function of frequency for 3 samples 
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DMA results for material PBT-GF10 TPEE 
 
 
Storage modulus of PBT-GF10 TPEE as function of frequency for 3 samples 
 
Loss modulus of PBT-GF10 TPEE as function of frequency for 3 samples 
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 Variation of Tan delta of PBT-GF10 TPEE as function of frequency for 3 samples 
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